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ABSTRACT
Fluctuating asymmetry (FA), characterized by random left-right deviations
from perfect symmetry in anatomical structures, is a form of bilateral asymmetry
that is thought to reflect underlying developmental instability (DI). DI refers to an
organism’s relative ability to buffer against stochastic fluctuations in
environmental conditions throughout development. FA is commonly used within
evolutionary biology and anthropology as a cumulative indicator of chronic stress
exposure during development and its consequences for long-term health. While
the FA literature is extensive, there are two primary areas of inquiry that remain
incomplete: assessing the full breadth of health correlates of FA across the
human life course and investigating specific environmental conditions during
development that promote FA in humans.
This dissertation examines the role of facial FA as a bidirectional indicator
of early-life stress and later-life health consequences among contemporary New
Mexicans. As part of the broader Heritage New Mexico study, in a series of three
individual research chapters, we explored the following: 1) the relationship
between FA and individual biomarkers of disease risk, interpreted under the lens
of the Developmental Origins of Health and Disease (DOHaD) hypothesis; 2) the
link between FA and allostatic load, as two complementary indicators of
cumulative stress experiences; and 3) a broad range of environmental influences
during development, encompassing the physical and sociocultural environment,
that contribute to FA variation in adulthood. Data included three-dimensional
facial photographs, a series of 10 biomarkers of degenerative disease risk and
outcomes, adult sociodemographic information, and a retrospective
questionnaire addressing various aspects of the developmental environment.
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We found that facial FA predicts only one biomarker of degenerative
disease risk, systolic blood pressure, and its predictive utility varied by age and
sex; facial FA was positively associated with systolic blood pressure among
middle and older adult women only. While this finding is consistent with
predictions from the DOHaD hypothesis, these results suggest that FA may not
be particularly informative for understanding disease risk variation in our sample.
Similarly, we found no association between FA and two allostatic load indices
representing cumulative disease burden. However, we found a significant
negative association between childhood dietary quality and facial FA in
adulthood, while controlling for socioeconomic status (in childhood and
adulthood), a rural childhood home environment, and childhood sickness. This
pattern of results across chapters suggests that, in our sample, facial FA carries
a developmental signal of dietary quality, but this variation does not necessarily
translate to a range of diet-mediated disease risks in adulthood. This research
represents an important step in broadening our understanding of the range of
health correlates of facial FA, as well as environmental conditions during
development that contribute to variation in facial FA in adult humans. Since FA
can be measured from soft and bony tissues, in the living and the dead, these
findings within a living human sample serve to illuminate the utility of FA as a
cumulative marker of stress and health among past populations.
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CHAPTER 1: INTRODUCTION
Fluctuating asymmetry (FA) is a form of bilateral asymmetry characterized
by random left-right deviations from perfect symmetry in biological structures that
share genetic and environmental conditions (Parsons, 1990; Klingenberg, 2015).
Compared to other forms of asymmetry that reflect anatomical constraints or
biomechanical use, FA is the only form of asymmetry that is thought to reflect
underlying developmental instability (DI); DI can be defined as an organism’s
relative inability to buffer itself against random fluctuations in environmental
conditions during development (Parsons, 1990; Debat and David, 2001;
Klingenberg, 2015). FA, as a measure of underlying DI, is commonly used within
evolutionary biology and anthropology as a cumulative marker of chronic stress
experiences during development, which can be useful for understanding variation
in health in contemporary humans and past populations. The FA literature
focuses on two primary objectives: 1) assessing the health correlates of FA and
2) examining the genetic and environmental influences that promote FA during
development. Additionally, evolutionary psychologists examined FA as a tool for
understanding human mate choice, as it was long hypothesized to reflect
perceptions of underlying genetic variation or fitness (Gangestad et al., 1994;
Thornhill and Gangestad, 1999; Hume and Montgomerie, 2001; Jones et al.,
2001; Rhodes et al., 2001). However, previous work has primarily focused on
non-human experimental studies; human skeletal assemblages, for which
specific environmental conditions and their health consequences cannot be
measured directly; and non-specific proxies for general stress experiences
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(Siegel and Doyle, 1975; Siegel et al., 1977; Sciulli et al., 1979; Swaddle and
Witter, 1994; Little et al., 2002; Milne et al., 2003; DeLeon, 2007; Özener, 2010;
Özener and Fink, 2010; Özener, 2011; Hope et al., 2013). Additionally, studies
have implemented a range of methods for estimating FA, many of which are now
considered outdated. Because of these limitations, our understanding of FA as a
biological phenomenon, as well as an indicator of the interaction between stress
and health in humans, is incomplete.
The central goal of this dissertation is to examine the role of facial FA as a
bidirectional indicator of early-life stress and its later-life health consequences in
a sample of living humans. The present study uses a multifactorial dataset to
examine the environmental influences and health correlates of FA in a sample of
living humans within a specific, measurable context. Since FA is commonly used
to explore stress and health among past populations, a contextual understanding
of these factors in the living is critical for understanding the role of FA in the past,
when data are often limited. This research represents the first step in providing
this contextual link between FA in the living and FA in the dead. Additionally, the
results presented in this dissertation will examine FA under the lenses of two
complementary bodies of theory addressing the relationship between stress and
health: the Developmental Origins of Health and Disease (DOHaD) hypothesis
and allostasis theory.

Background
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Fluctuating asymmetry methods. FA is typically measured in bilateral
bodily features, such as left vs. right hand or ear length, and faces, which have
symmetric left and right halves within one complete structure (Klingenberg,
2015). Historically, estimates of FA have relied on two-dimensional (2D) size
measurements of both sides of a bilateral structure, usually bodily features (Little
et al., 2002; Özener, 2010; Özener and Fink, 2010; Özener, 2011). More recent
methods of estimating FA have employed three-dimensional (3D) geometric
morphometric (GM) techniques that allow for multivariate analysis of FA in
shape, while controlling for size, in several facial or skeletal features
(Klingenberg, 2015). These 3D measures of FA have been shown to be more
robust estimates of underlying DI than measures that rely on 2D measurements
or single traits (Klingenberg et al., 2002; Palmer and Strobeck, 2003; Klingenberg
and Monteiro, 2005; Weisensee, 2013).
The standard GM protocol for estimating FA is a two-step process
(Klingenberg et al., 2002). First, 3D landmark coordinates, defined on several
bilateral structures, are subjected to generalized Procrustes analysis. This
analysis translates, rotates, and scales each individual’s landmark configuration
to minimize the sum of squared distances between analogous landmarks within a
common shape space. This process creates Procrustes coordinates that reflect
the best fit locations in 3D space of each landmark for each individual, centered
around a mean centroid that represents the average location of each landmark
for the entire sample. Procrustes coordinates are scaled for centroid size, a best
estimate of the overall size of each individual landmark configuration, which
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provides an estimate of variation in shape, independent of size, that can be
partitioned into symmetric and asymmetric components. Second, to isolate the
asymmetric component of shape variation, each individual’s original landmark
configuration is reflected along a single axis to create a mirror image; distances
between the original and reflected landmarks represent deviations from perfect
symmetry and can be used to quantify an individual’s degree of FA across all
features. A two-factor Procrustes ANOVA is used to calculate the relative
proportions of shape variation that can be attributed to individual, side, individual
x side interaction, and measurement error terms; the individual term represents
symmetric shape variation among individuals; the side term represents a
measure of directional asymmetry, which often co-occurs with FA; and the
individual x side interaction term represents a measure of FA alone, relative to
measurement error, that is used to calculate individual composite FA scores
(Klingenberg et al., 2002; Klingenberg, 2015). This method of calculating
individual FA scores was used for all components of this dissertation and will be
described only briefly in the following chapters.
FA as a marker of DI. As a cumulative measure of chronic stress
experiences during development, an organism’s degree of FA is thought to
reflect both the amount of stress experienced and the organism’s ability to buffer
against such stressors, a marker of underlying DI (Leung et al., 2000; Lens et al.,
2002; Klingenberg, 2015). For example, a high-stress developmental
environment represents an extrinsic, positive impact on FA, whereas one’s ability
to buffer against stress represents an intrinsic, negative impact on FA; therefore,
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an organism’s observed level of FA is a combination of these two potentially
counteracting factors. Because observations of FA represent both extrinsic and
intrinsic factors, many researchers have debated the utility of FA as a biological
indicator of DI specifically.
Hope and colleagues (2013) suggest that there is likely heterogeneity in
the relationship between DI and FA across biological structures; for example,
these authors argue that multivariate estimates of composite FA from faces may
represent a better measure of underlying DI than estimates from bodily features.
Gangestad and Thornhill (1999; 2003) modeled the hypothetical repeatability of
FA across anatomical traits, demonstrating that each trait measured contributes
primarily trait-specific information, but approximately 5-10% of trait variance can
be attributed to shared, organism-wide DI that corresponds across structures.
This finding provides a partial explanation for heterogeneity in FA scores
measured from individual traits, and justifies the standard use of composite FA
scores, which include several individual traits measured and/or multivariate traits,
such as the 3D landmark coordinates used for GM methods. All methods
employed here, which include 3D GM estimates of composite FA calculated from
several facial features, are designed to maximize the ability to measure
underlying DI.
Environmental drivers of FA. Much attention has been devoted over the
last several decades to the environmental factors that drive FA as a biological
phenomenon. Across many studies, FA has been shown to increase with age,
indicating that the accumulation of overall stress experiences throughout life,
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even beyond the developmental period, can drive the formation of FA (Hope et
al., 2003; Klingenberg, 2015). However, this increase with age is not consistent
across all studies, and the majority of the FA literature examines the
environmental drivers of FA specifically during development. Early experiments
focused on specific environmental stressors in animal models. Temperature
stress, noise, and nutrient deprivation all have been shown to increase FA in rats
and birds (Siegel and Doyle, 1975; Siegel et al., 1977; Sciulli et al., 1979;
Swaddle and Witter, 1994). Furthermore, a negative association between FA and
growth rate was demonstrated in chickens, which suggests that FA is a function
of energy availability; if additional energy must be allocated toward maintaining
homeostasis in a stressful developmental environment, less energy is available
to be allocated toward growth (Møller and Manning, 2003).
Since these experimental manipulations in animal models cannot be
replicated in humans, most human FA research has relied upon non-specific
proxies for developmental stress, particularly socioeconomic status (SES). This
research operates under the assumption that lower SES translates to poorer
quality of life, less access to resources, poorer nutrition, and higher disease
burden, all of which can have an impact on energy availability and, thus, FA. In
most studies SES is not estimated directly and individuals are placed in low
status vs. high status groups based on family home or burial locations; these
studies demonstrate that individuals with lower status tend to have higher levels
of FA (DeLeon, 2007; Ozener, 2010; Ozener and Fink, 2010; Ozener, 2011).
Only two studies have examined the effects of SES on FA using direct measures
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of status in living humans. Quinto-Sánchez and colleagues (2017), who
calculated a composite measure of current SES in adulthood, found no
association between SES and FA in a large sample of Central Americans.
However, Hope and colleagues (2003) found a negative association between FA
and SES during childhood, but not adult SES, which may represent a less
informative predictor of FA as an indicator of stress during development.
More specific environmental conditions during development have received
comparatively little attention in the FA literature. Little and colleagues (2002)
investigated the association between body FA and nutrition among an
undernourished population of Mexican children and a relatively well-nourished
control sample in Texas; these authors were unable to demonstrate a consistent
difference in body FA between these two populations. To date, only one study
has examined the effects of childhood ill-health on FA (Pound et al., 2014). Using
a large scale, longitudinal study in the United Kingdom, Pound and colleagues
found no association between extensive childhood health histories and facial FA
in 15-year-old individuals. Since FA often accumulates with age, the results of
both of the above studies among children and adolescents, who are still
developing, may not be generalizable to adults. Additionally, specific
environmental conditions during development have only been tested in isolation.
A study that examines the effects of multiple aspects of the developmental
environment on FA concurrently has yet to be conducted.
Health correlates of FA. Beyond the body of literature examining the
drivers of FA as a biological phenomenon, FA has previously been linked to
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various health outcomes in adulthood, including body mass index (BMI), type II
diabetes, susceptibility to infections, breast cancer, mental health disorders, and
overall poor health (Manning, 1995; Shackelford and Larsen, 1997; Scutt et al.,
1997; Diehl et al., 2006; Thornhill and Gangestad, 2006). One of the most
extensive investigations of the health correlates of FA was conducted by Milne
and colleagues (2003) using a large sample and a series of biomarkers and
health outcomes, which included BMI, waist-hip ratio (WHR), blood pressure,
respiratory fitness, periodontal disease, and several medical conditions. While
many of these measures were not associated with adult FA, these authors found
a positive association between FA and the presence of two or more medical
conditions in both sexes, as well as BMI in women, but not men. However, this
study only encompasses the previous five years of medical history for 26-yearolds, who likely have comparatively fewer health conditions than individuals who
have reached middle and older adulthood, when the negative effects of
developmental stress tend to accumulate (Ravelli et al., 1999).
Developmental origins of health and disease. In addition to these
individual health outcomes, FA has also been linked to the Developmental
Origins of Health and Disease (DOHaD) hypothesis, which provides a framework
for understanding how early life stress experiences, often coupled with
environmental mismatch between the developmental period and adulthood, can
promote morbidity and mortality later in life (Barker and Osmond, 1986; Barker,
1998; Barker, 2003; Weisensee, 2013). Historically, low birth weight, resulting
from fetal undernutrition, has been the primary indicator of developmental stress
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associated with DOHaD; low birth weight has been frequently linked to
degenerative diseases of metabolic origin like cardiovascular disease and type II
diabetes (Barker, 1998; Barker, 2003; Gluckman and Hanson, 2006; Godfrey et
al., 2007; Godfrey et al., 2010). Using a Portuguese skeletal collection of
individuals with known causes of death, Weisensee (2013) demonstrated that
individuals who died of degenerative diseases had higher FA compared to
individuals who died of infectious or other causes. This finding is consistent with
the DOHaD hypothesis and suggests that FA can serve as an indicator of
degenerative disease and, thus, developmental stress in past populations.
Allostasis. As an alternative to DOHaD, which emphasizes stress
experiences specific to the developmental period, allostasis theory represents
another potential explanation for predictive relationships between FA and adult
health outcomes. Commonly used as an indicator of frailty in living humans,
allostasis theory describes a parallel, non-exclusive mechanism for the long-term
health effects of cumulative stress experiences throughout the life course (Edes
and Crews, 2017). Allostasis theory suggests that repeated responses to chronic
stress experiences throughout life have a cumulative, biological cost over time;
this cost manifests as physiological dysregulation across multiple somatic
systems and can promote morbidity and earlier mortality in adulthood (Kuzawa,
2007; Kuzawa et al., 2010; Edes and Crews, 2017). However, accumulated
damage to the soma certainly includes stress experiences during the
developmental period, so allostasis and DOHaD represent complementary
mechanisms for the interaction between developmental stress and its health
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consequences (Edes and Crews, 2017). While one study has demonstrated a
conceptual link between FA and the DOHaD hypothesis (Weisensee, 2013), no
previous work has positioned FA as a test of allostasis theory and explored the
relationship between FA and allostatic load, a cumulative measure of the
physiological consequences of allostasis. Here I propose that both DOHaD and
allostasis can further inform our understanding of FA as a biological phenomenon
and its implications for human health.

Research Design
Study sample. This dissertation combines anthropological and clinical
approaches to examine the environmental drivers and long-term health
correlates of FA in a sample of New Mexicans of Spanish-speaking descent
(NMS). As part of the Heritage New Mexico study, this sample represents an
admixed population with a distinct history characterized by Spanish colonization,
relative isolation within the early United States, and more recent Central
American immigration (Nostrand, 1992; Gonzales, 1993; Nieto-Phillips, 1997).
This population exhibits an approximately equal likelihood of growing up in urban
or rural environments, which, combined with the unique sociocultural history of
the state, results in significant heterogeneity in biological and sociocultural
variation across the New Mexican landscape. Health disparities within this
population are also relatively understudied compared to other groups of U.S.
Hispanics. These characteristics make this study population a unique candidate
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for investigating the intersection between biology, culture, and the environment
as it pertains to FA as a biological phenomenon.
Recruitment and study design. Participants of the Heritage New Mexico
study were recruited in two waves. The initial wave consisted of 507 participants,
for whom we collected 3D facial photographs, a saliva DNA sample, dried blood
spots, a series of anthropometrics, and a large questionnaire addressing current
sociodemographic information. Inclusion criteria for this wave of the study were
self-identification as NMS and age over 18. The researchers used a convenience
sampling approach, coupled with targeted efforts to create a representative
sample reflecting ethnic and sociocultural variation among the New Mexican
Hispanic population (Hunley et al., 2017). Some participants in the first wave of
the study elected to be re-contacted for future research efforts, and only this
subset of the initial sample was used to recruit for the second wave. The second
wave consisted of 80 participants who completed a retrospective questionnaire
addressing several aspects of the developmental environment. The only
inclusion criterion for the second wave was a usable 3D facial photograph,
excluding individuals with facial hair that obstructed relevant facial features and
non-neutral facial expressions.
The dataset for this dissertation relies on a diverse range of data types:
3D facial landmarks, defined on each facial photograph and used to calculate
individual FA scores; several biomarkers of disease risk and health outcomes,
analyzed individually, as well as cumulatively using allostatic load; current
sociodemographic information; and the retrospective questionnaire addressing
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the developmental environment. Here I define the developmental environment as
any extrinsic factor that influences biological energy allocation from birth to 18
years of age; in this study, these factors are primarily limited to physical,
nutritional, immunological, and sociocultural environmental inputs. To investigate
FA as a bidirectional indicator of early life stress and adult health outcomes, I
explored 1) the link between FA and DOHaD using a series of 10 biomarkers of
degenerative disease risk and health outcomes (Chapter 2); 2) the link between
FA and allostatic load, as two complementary cumulative markers of stress
experiences (Chapter 3); and 3) a series of specific environmental influences
during development that contribute to FA in adulthood, analyzed in concert
(Chapter 4).
This dissertation is designed to investigate the above research objectives
to provide a contextual link between living humans and past populations.
Previous studies estimate FA from several anatomical structures representing
both soft and bony tissues across the human body. Given that the skull is a
frequently quantified element among skeletal assemblages, the data used in this
dissertation were specifically designed to create a 3D representation of FA from
facial soft tissue that is most analogous to underlying bony tissue that can be
measured on a skull. The specific facial landmarks used to quantify facial FA
were also chosen with this goal in mind: the landmarks represent discrete facial
features that frequently exhibit fluctuating asymmetry (Klingenberg, 2015); many
were originally defined as points directly analogous to common bony landmarks
(Howells, 1937; Graham and Özener, 2016); and they encompass facial regions
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with the smallest amount of overlying soft tissue, resulting in relatively little
fluctuation with body mass (De Greef et al., 2006). These considerations
represent my best efforts to make the results presented here as analogous to
past and future skeletal studies as possible.

Guide to the Dissertation
This dissertation is organized into three chapters that represent separate
publications written for peer-reviewed journals, each with a series of co-authors
involved in the completion of each study. Chapter 2 tests for associations
between facial FA scores and a series of 10 biomarkers of disease risk and
health outcomes across sexes and age cohorts. Chapter 2 has been written as
an original research article for the American Journal of Physical Anthropology.
Chapter 3 tests for an association between FA and allostatic load, also across
sexes and adult life stages. Chapter 3 has been written as an original research
article for PLoS ONE. Chapter 4 builds a series of structural equation models to
test for predictive relationships between several latent constructs representing
various aspects of the developmental environment and adult FA scores. Chapter
4 was written as an original research article for the American Journal of Human
Biology. Chapter 5 presents a summary of key findings from each individual
publication and overall conclusions for the entire dissertation.
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ABSTRACT
Objectives: The present study evaluates the relationship between
fluctuating asymmetry (FA) and degenerative disease risk in a living human
sample.
Materials and Methods: The study sample consisted of 313 adult men
and women of diverse ages. Data included 12 three-dimensional facial
landmarks, 10 biomarkers of disease risk, and sociodemographic information.
Individual FA scores were calculated using a two-factor Procrustes ANOVA.
Biomarkers included blood pressure, pulse rate, hemoglobin, body mass index,
waist-hip ratio, body fat percentage, glycated hemoglobin, C-reactive protein, and
Epstein-Barr virus antibodies. Sociodemographic data included age, sex,
education, income, and socioeconomic status. We used generalized linear
models to evaluate the predictive relationships between FA and 10 biomarkers of
disease risk. Independent health risk factors were added iteratively to these
models to identify potential confounds.
Results: We demonstrated a significant three-way interaction effect
between FA, age, and sex for systolic blood pressure. Other health risk factors
and sociodemographic variables could not explain this relationship.
Instantaneous effect models indicate that this interaction was primarily driven by
main effects of FA on systolic blood pressure among middle and older adult
women. In both cohorts, FA was positively associated with systolic blood
pressure.
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Discussion: Facial FA scores predicted only one degenerative disease
risk factor and health outcome, systolic blood pressure. Our findings suggest that
FA may represent a sample-specific indicator of developmental stress and its
associated health consequences.
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Fluctuating asymmetry (FA) represents a composite measure of random
deviations from perfect symmetry in bilateral anatomical structures (Parsons,
1990; Debat and David, 2001; Klingenberg, 2015). FA has been extensively
studied as a proxy for developmental instability (DI), defined as an organism’s
relative ability to buffer against stochastic environmental fluctuations throughout
development (Parsons, 1990; Van Dongen and Lens, 2000; Klingenberg, 2015).
An organism’s degree of FA reflects the combination of the amount of stress
experienced during development and the organism’s ability to buffer against such
stressors (Lens et al., 2002). FA can be measured across several anatomical
structures, including both soft and hard tissues, so it is commonly used as a
biological indicator of stress and associated health correlates among living
humans and in skeletal assemblages representing past populations.
Among the living, FA has been linked to a number of health outcomes and
markers of disease risk, including susceptibility to infections, mental health
disorders, breast cancer, body mass index (BMI), type 2 diabetes, and overall illhealth (Manning, 1995; Shackelford and Larsen, 1997; Scutt et al., 1997; Diehl et
al., 2006; Thornhill and Gangestad, 2006). Milne and colleagues (2003)
represents one of the most extensive evaluations of the health correlates of FA,
with a relatively large sample size and a range of health biomarkers examined,
including BMI, waist-hip ratio (WHR), blood pressure, respiratory fitness,
periodontal disease, and a series of medical conditions. These authors
demonstrated a positive association between FA and BMI, indicating that FA
significantly predicts obesity risk, but only in women. In addition, they found that
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FA was positively associated with the presence of two or more medical
conditions in both sexes, but no other biomarkers exhibited associations with FA.
Additionally, sex-specific relationships between FA and BMI, as a biomarker of
obesity, were demonstrated by Manning (1995), who also found that FA was
positively associated with BMI in women, but was negatively associated with BMI
in men.
FA has also been proposed as a cumulative marker of developmental
stress experiences that can aid in testing predictions of the Developmental
Origins of Health and Disease (DOHaD) hypothesis (Weisensee, 2013). The
DOHaD hypothesis provides a framework for understanding how early life stress
experiences can contribute to variation in morbidity and mortality in humans
(Barker and Osmond, 1986; Barker, 1995; Gluckman and Hanson, 2006;
Kuzawa, 2007). This hypothesis predicts that early life exposure to stress, in
utero and throughout development, will result in higher morbidity and earlier
mortality (Barker, 2003; Gluckman and Hanson, 2006; Godfrey et al., 2007;
Kuzawa et al., 2010). For example, intrauterine nutritional stress, identified using
low birth weight, can lead to long-lasting changes in hormone regulation and
metabolism that promote the risk of degenerative metabolic diseases, such as
cardiovascular disease and type 2 diabetes (Barker, 2003; Godfrey et al., 2007;
Godfrey et al., 2010). This finding suggests that phenotypes that are
advantageous in nutrient-poor environments, such as increased fat deposition
and insulin resistance, can become disadvantageous in adulthood and lead to
the developmental of degenerative disease (Godfrey et al., 2010).
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While low birth weight resulting from fetal undernutrition has served as the
primary indicator of the processes associated with the DOHaD hypothesis, FA
may represent an alternative proxy for developmental stress that is useful when
low birth weight is unavailable, particularly among past populations (Weisensee,
2013). For example, Weisensee (2013) found that individuals in a Portuguese
skeletal collection who died of degenerative diseases had higher FA than those
who died of infectious diseases or other causes. These results suggest that FA
may act as an indicator of degenerative disease in past populations, consistent
with the DOHaD hypothesis. However, while an individual’s degree of FA can
primarily be attributed to developmental disturbances, FA also tends to
accumulate with age in anatomical structures that change over time, such as
skeletal tissue (Klingenberg, 2015). Studies that rely on estimates of FA derived
from these structures should account for age-related accumulation of FA, but the
development-specific signal cannot be fully isolated. Additionally, the use of FA
as a tool for investigating developmental stress and health in the past is
complicated by an incomplete understanding of the full spectrum of disease risk
associated with underlying DI in living humans.
While the FA literature has demonstrated several potential health
outcomes associated with DI in living humans, there are many limitations to
these previous works. Across the breadth of FA literature, studies often report
conflicting results. This lack of consistency has been attributed to a number of
issues, including relatively little overlap in biomarkers examined across studies,
discrepancies in collection protocols for biomarker data, a range of disparate
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statistical techniques, and varying methods of estimating FA from facial or bodily
structures, which should not be used interchangeably (Milne et al., 2003; Hope et
al., 2013). Hope and colleagues (2013) demonstrated a link between FA and
childhood socioeconomic status (SES), but only in facial FA, suggesting that FA
calculated from the face may represent a more informative marker of DI than
body FA, which has been most commonly used among previous studies in this
area. Furthermore, many studies have relied on limited sample size and
composition. For example, while Milne and colleagues (2003) represents one of
the largest relevant datasets, their sample only encompasses the previous five
years of medical history for 26-year-old individuals, for whom many of the laterlife consequences of developmental stress would not yet be evident.
In light of these limitations, Van Dongen and Gangestad (2011) conducted
a meta-analysis of the extensive body of literature on FA by calculating effect
sizes across nearly 100 studies examining all aspects of FA as an indicator of
stress. These authors found that previously reported effect sizes, which varied
widely across studies, were negatively associated with sample size, which is a
common signature of publication bias. Using a model-based approach, the
authors demonstrated an overall estimate of mean effect size of 0.3. While this
meta-analysis highlights a potential over-estimation of the significance of FA as a
measure of DI across published works, Van Dongen and Gangestad (2011)
suggest there is a robust, moderate effect of FA on various outcomes that holds
practical significance and necessitates further investigation.
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The present study assesses the relationship between facial FA, as a
measure of DI, and 10 biomarkers associated with degenerative disease in New
Mexicans of Spanish-speaking descent (NMS). To explore the relationship
between FA and health in our sample, we use a combined dataset that includes
three-dimensional (3D) landmark coordinates for a series of facial landmarks,
anthropometrics, biomarkers from dried blood spots, demographic information,
and a sociocultural questionnaire. A dataset that includes such disparate forms of
data is rare in biological anthropology. This dataset allows us to evaluate the
predictive utility of FA on a range of degenerative disease risk factors and
outcomes in a sample of living humans, for whom we can collect direct measures
of health and wellbeing.
Given previous work, we ask the following questions:
1. Does facial FA predict degenerative disease risk among living
humans?
2. Does the relationship between FA and disease risk vary by age
and sex?
3. Can these relationships be explained by other disease risk
factors or sociodemographic variation?
The 10 biomarkers we examined represent risk factors for subsequent disease or
are direct diagnostic measures of the diseases themselves. Here, we address
many of the limitations common to previous research. First, we calculate
individual FA scores from three-dimensional facial coordinates that provide a
better estimate of underlying DI than two-dimensional body measurements or
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single traits, which are common among previous works (Klingenberg et al., 2002;
Hope et al., 2013; Weisensee, 2013). Second, we include a wide range of
biomarkers, encompassing several human body systems, to produce a more
complete investigation of the health correlates of FA. Third, because individual
FA scores, as well as many of our biomarkers, have been shown to vary by age
and sex, we include a wide range of ages, reflecting multiple life stages, to
examine the associations between FA and adult health outcomes across the life
course.

MATERIALS
Ethics statement
Research protocols for this research were approved by the University of
New Mexico Main Campus Institutional Review Board (HRPO #09-412, 10-310,
12-026). All participants provided informed consent prior to participation in this
study.
Study sample
The sample used in this research consisted of 507 adult men and women
living in central New Mexico. Ages ranged from 18 to 91 years old with a mean
age of 48 years; age means and ranges were approximately equal across sexes.
Criteria for inclusion in the study were self-identification as NMS and age over
18. Recruiting strategies relied upon snowball sampling, but corrections were
made when necessary to create a representative sample reflecting the ethnic
and socioeconomic structure of the New Mexican Hispanic population (Hunley et

28
al., 2017). Recruitment and sampling information has been described in greater
detail in Hunley et al. (2017). We collected three primary categories of data,
including three-dimensional facial photographs, a series of biomarkers
representing disease risk factors and direct health outcomes, and a
questionnaire addressing several demographic and sociocultural measures (see
heritagenm.unm.edu for the complete questionnaire).
Fluctuating asymmetry. We collected three-dimensional facial
photographs using an Inspeck Cyclops3 3D camera. These facial photographs
represent point clouds of more than 20,000 XYZ coordinates distributed across
the entire face combined with texture and color information. Of the 507
individuals photographed, 197 individuals with facial hair that obscured relevant
landmark areas, non-neutral facial expression, or missing health data were
removed from the sample, leaving 313 individuals for analysis. To calculate
individual levels of FA, we defined 12 3D facial landmarks on each face in
Meshlab v1.3.3 (Cignoni et al., 2008; Fig. 1). These specific landmarks were
chosen for several reasons: 1) they represent discrete points in bilateral facial
regions that often exhibit fluctuating asymmetry (Klingenberg, 2015); 2) many
were originally defined as points that directly overlie common bony landmarks
(Howells, 1937; Graham and Özener, 2016); 3) the facial reconstruction literature
indicates that these areas generally have the smallest degree of overlying soft
tissue and, thus, fluctuate relatively little with body mass (De Greef et al., 2006).
Given these considerations, the landmarks used in the present study represent
our best attempt to create a 3D representation of facial shape asymmetry that is
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analogous to previous work in this area that relies on skeletal material. The
landmark definition process was repeated later by the same observer for all 313
individuals to remove the effects of intra-observer error during FA score
calculation, described below.

Figure 1. Three-dimensional facial landmark locations for fluctuating asymmetry score
calculation.

Biomarkers. Health measures for this study represent a range of
physiological systems that have been shown to reflect current degenerative
disease burden, risk of future disease development, and overall frailty (Seeman
et al., 1997; Crimmins et al., 2007; Edes and Crews, 2017). This specific set of
biomarkers was designed to provide the widest range of preservable, noninvasive indicators possible. Measures of cardiovascular health included systolic
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blood pressure (SBP), diastolic blood pressure (DBP), and resting pulse rate
(PR). Metabolic measures included BMI, WHR, body fat percentage (BFP),
glycated hemoglobin (HbA1c), and hemoglobin (Hb). Measures of inflammatory
and immune response included high-sensitivity C-reactive protein (CRP) and
Epstein-Barr virus antibody (EBV). HbA1c, Hb, EBV, and CRP were all collected
using dried blood spots (DBS) by authors C.M. and M.H. Individual, treated spots
were prepared and cold-shipped to Geonostics, Inc. for processing of HbA1c. All
other DBS biomarkers were processed by author C.M. in the Hominoid
Reproductive Ecology Laboratory at the University of New Mexico. Hb was
quantified using a colorimetric assay validated by Williams and McDade (2009);
EBV was quantified using an enzyme immunoassay validated by McDade et al.
(2000); and CRP was quantified using an enzyme immunoassay validated by
McDade et al. (2004).
Demographic and sociocultural measures. We administered a
questionnaire to each participant to obtain demographic information and ask
questions about their sociocultural experiences as adults. Demographic
information relevant to both FA and our health measures included age and sex.
Sociocultural measures included educational attainment, household income, and
subjective SES. Subjective SES was collected according to methods validated by
the MacArthur Foundation (Singh-Manoux et al., 2003), on a 1 to 10 scale
representing a subjective combination of education, income, occupation, and
overall social standing compared to your peers.
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METHODS
FA score calculation
Three-dimensional landmark coordinate data for 13 landmarks in 313
individuals were imported into MorphoJ 1.06d for generalized Procrustes analysis
(Klingenberg, 2011). This analysis translates, rotates, and scales the raw
landmark coordinates into a shared coordinate space, removing all variation
related to differential location, orientation, and size between individuals. This
process identifies multi-dimensional shape variation of the face that can be
apportioned into both symmetric and asymmetric components for further
analysis. To isolate the asymmetric component of this face shape variation, a
mirror image is created of the raw landmark configuration, using reflected
landmark coordinates along a single axis. Distances between the original and
reflected landmark configurations represent deviations from perfect symmetry
that reflect the degree of fluctuating asymmetry at each landmark, which is then
aggregated into a single, composite measure of FA. This multivariate approach
better reflects underlying developmental instability compared to estimates of FA
that rely on single bilateral traits or two-dimensional measurements (Gangestad
and Thornhill, 1999; Leung et al., 2000; Klingenberg et al., 2002; Gangestad and
Thornhill, 2003).
We used a two-factor Procrustes ANOVA to estimate the amount of facial
shape variation attributed to individual, side, individual x side interaction, and
measurement error effects in MorphoJ (Klingenberg et al., 2002; Klingenberg,
2011; Weisensee, 2013). Individual effects represent symmetric facial shape
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variation between individuals, side effects represent a measure of directional
asymmetry, and individual x side interaction effects represent a measure of
fluctuating asymmetry. Because FA is sensitive to measurement error, the two
sets of 12 landmarks for all 313 individuals were used to estimate the effects of
intra-observer error relative to FA within the Procrustes ANOVA; the degree of
shape variation attributed to FA must be significantly greater than variation
attributed to measurement error in order to calculate meaningful FA scores
(Klingenberg, 2015). If this condition is met, this process results in a composite
measure of individual FA, controlling for symmetric shape variation, directional
asymmetry, and measurement error, that can be used in further statistical
analyses (Klingenberg et al., 2002; Klingenberg and Monteiro, 2005). In all
statistical analyses, we used Mahalanobis FA scores that are scaled to reflect
variation in asymmetry among all individuals in the sample (Weisensee, 2013).
Statistical analyses
We calculated summary statistics for all independent and dependent
variables, including mean, standard deviation, and a Spearman’s rho correlation
matrix for all continuous and ordinal variables. In addition, we used a WilcoxonMann-Whitney non-parametric test to assess sex differences in FA. Because
many of our biomarkers are known to vary across sexes and age cohorts,
summary statistics were conducted for the entire sample, within sexes, and
within three age cohorts: young adults (18 – 34 years), middle adults (35 – 64
years), and older adults (65+ years). We adopted these age ranges from a series
of reports produced by the U.S. Census Bureau (2011) examining demographic
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changes within and among recent generations (U.S. Census Bureau, 2011;
2014; 2017).
We evaluated the relationship between FA and disease risk using
generalized linear models (GLM) tailored to the distributions of each biomarker.
GLMs for all biomarkers except PR and CRP were coded using a Gaussian
distribution and identity link function. Because PR represents count data (beats
per minute), the PR GLM was coded using a Poisson distribution and log link
function. CRP data best approximated a Gamma distribution, so the CRP GLM
was coded using the Gamma family and log link function (Boscaini and Pellanda,
2015). Given previous work demonstrating age- and sex-specific variation in FA,
as well as known patterns of disease risk, we computed three iterative models for
each biomarker: 1) main effects for FA, age, and sex; 2) main effects and all twoway interaction terms for FA, age, and sex; and 3) main effects, two-way
interactions, and the three-way interaction for FA, age, and sex. In each model,
FA and age were mean-centered, and sex was effect coded (M = -1, F = 1), to
examine the average effect of each variable across the entire sample. We used
Akaike Information Criterion (AIC) values for model selection among iterative
models (Burnham and Anderson, 2002). Sample sizes for each biomarker model
varied based on several factors. GLMs for SBP, DBP, and HbA1c excluded
individuals who indicated the use of relevant medication, which could mask
underlying disease (SBP, DBP: N=260; HbA1c: N=305). Several individuals
exhibited CRP values that represented extreme outliers within our sample, so
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these individuals were removed from the CRP model (N=282). Finally, BFP
values were missing for 9 individuals (N=304).
Several additional models were computed for additional interpretation and
evaluation of potential confounds. The Spearman’s correlation matrix indicated
that many of our biomarkers and sociocultural variables were independently
correlated with health outcomes included in our sample, so we also computed full
model GLMs with relevant risk factors included iteratively as covariates to assess
potential confounding relationships with FA. To further interpret higher-order
interactions found among the best fit GLMs, we computed model-based
instantaneous effect models (Cohen and Cohen, 2003). For these models, age
and sex are strategically centered or dummy coded to reflect various zero points
within the full model. This procedure allows for an examination of the main effect
of FA across sample subsets without reducing the overall sample size or
negating variation around a given age. To examine the effect of FA across ages,
we identified low and high anchor points at 1 standard deviation below and above
the mean age in our sample (48 ± 18 years); we then centered age on the mean
and each anchor point. Combined with two dummy-coded sex variables reflecting
men and women separately, this procedure resulted in six instantaneous effect
models, each representing the full model in men and women with age centered
at 30, 48, and 66 years.

RESULTS
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Results from the Procrustes ANOVA to isolate multiple components of
face shape variation in our sample can be found in Table 1. These results
indicate a statistically significant degree of fluctuating asymmetry in our sample
relative to measurement error. Table 2 provides summary statistics for FA and all
biomarkers across the entire sample, within sexes, and within age cohorts. The
Spearman’s rho correlation matrix can be found in Appendix A, Supplementary
Table A.1. The mean FA score for the entire sample was 2.467 (SD: 0.597).
Similar to previous work, FA scores were significantly correlated with age (r =
0.186, p = 0.004). Additionally, FA exhibited positive correlations with SBP and
EBV (SBP: r = 0.193, p = 0.003; EBV: r = 0.161, p = 0.013). We found no
statistically significant difference in FA scores between sexes (p=0.994).
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Full model GLM results with FA, age, and sex predicting each biomarker
can be found in Table 3. Only the best fit models for each biomarker, evaluated
using AIC values, are presented here for simplicity. For most biomarkers, the
best fit models included only main effects of FA, age, and sex. We found no
significant main effects of FA among these models. Significant main effects of
age were found for all biomarkers; age predicted increased values for all
biomarkers except PR and Hb. We also found significant main effects of sex for
all biomarkers except PR and HbA1c, indicating that male sex predicted higher
SBP, DBP, BMI, WHR, and Hb, whereas female sex predicted higher BFP, CRP,
and EBV.
Best fit models for SBP and Hb exhibited significant interaction terms. The
best fit model for Hb included only two-way interactions between FA, age, and
sex; only the age*sex interaction significantly predicted Hb (𝜷: 0.017, p = 0.002),
indicating that the effect of age on Hb varied by sex. The best fit model for SBP
included all two-way and three-way interactions between FA, age, and sex; the
three-way interaction significantly predicted SBP, indicating that the effect of FA
on SBP varied by age and sex. This interaction remained significant when all
independent risk factors for SBP, including sociocultural variables, were
iteratively included in the model. Results of these additional models can be found
in Appendix A. Supplementary Table A.2 displays five models constructed to
control for other biomarkers correlated with SBP in our sample: BMI, WHR,
HbA1c, Hb, and CRP (see Supplementary Table A.1 for correlations). While the
three-way interaction between FA, age, and sex remained significant in each of
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these models, we also found main effects for BMI and CRP, both of which were
positively associated with SBP (BMI – 𝜷: 0.465, p = 0.003; CRP - 𝜷: 1.571, p =
0.001). Supplementary Table A.3 displays three models constructed to control for
sociocultural variation in our sample: educational attainment, household income,
and SES. No additional main effects were found for these variables.

To further interpret the three-way interaction between FA, age, and sex
observed for SBP, we computed six model-based instantaneous effect models
that illustrate the main effect of FA on SBP within men and women at ages 30,
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48, and 66 (Table 4). We found a significant main effect of FA in the models
reflecting women with age centered at 48 and 66 years (48 years – 𝜷: 4.927, p =
0.011; 66 years – 𝜷: 9.254, p = 0.000), indicating that FA was positively
associated with SBP among only women who had reached middle adulthood and
older. The opposite pattern was exhibited by men with age centered at 66 years,
but this main effect did not reach significance (𝜷: -6.300, p = 0.063). FA did not
significantly predict SBP among men or women with age centered at 30 years.
This pattern of results is illustrated further in Figure 2, which displays an
interaction plot corresponding to these six instantaneous effect models.
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Figure 2. Interaction plot for SBP. P values shown correspond to instantaneous effect
models for men and women with age centered at 30, 48, and 66 years.

DISCUSSION
Results from the present study indicate that facial FA does not predict a
wide range of degenerative disease risk factors and health outcomes within our
sample. GLM results indicated a significant association between FA and systolic
blood pressure only, and this association varied by age and sex. The significant
interaction effect between FA, age, and sex that we observed for SBP remained
significant when additional health and sociocultural risk factors were included in
the model. These additional factors may represent independent biological risk
factors or potential barriers to resource access and health awareness that
influence adult health outcomes in our sample (Kannel, 1996; Singh-Manoux et
al., 2003). Some of these covariates exhibited independent predictive
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relationships with SBP in our sample, but did not affect the three-way interaction
observed for FA, age, and sex. This finding suggests that the age- and sexdependent relationship between FA and SBP that we observed cannot be solely
explained by other disease risk factors.
While this is the first study to establish any link between FA and blood
pressure, this link was limited to specific age and sex cohorts. Middle and older
adult women exhibited a positive association between FA and SBP,
corresponding to approximately 5 and 9 mm Hg increases in SBP per unit
increase in FA, respectively. These findings are somewhat consistent with those
reported by Milne and colleagues (2003). Our young adult cohort, most
consistent with their sample, also did not exhibit any associations between FA
and blood pressure or waist-hip ratio. Furthermore, though these authors found a
positive association between FA and BMI in young adult women, we did not find
this association in any cohort. The cohort-specific results observed here suggest
that the adverse effects of increased developmental stress on certain adult health
outcomes may not be detectible until later in life. In fact, Milne and colleagues
(2003) point out that their young adult sample may not exhibit enough variation in
FA to exhibit concomitant differences in health outcomes. Researchers
examining low birth weight and adult obesity risk have echoed this sentiment.
Ravelli and colleagues (1999), who worked with a Dutch famine sample, suggest
that, due to the development of body fat throughout the life course, the
relationships between fetal undernutrition and adult obesity risk may be most
evident in individuals who have reached middle adulthood. Moreover, sex-
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specific relationships with FA are common among previous research; these
relationships may be indicative of sex differences in hormonal stress responses
and immune profiles that may influence both the aging process and the
accumulation of FA throughout life (Godfrey et al., 2007; Godfrey et al., 2010;
Boggia et al., 2011; Edes and Crews, 2016; Gillis and Sullivan, 2016). This
pattern of results across multiple studies underscores the need for future
research to include both sexes and multiple stages of life, as age and sex may
have a significant impact on the nature of the relationships between FA and each
aspect of health being considered.
The above results demonstrate a link between facial fluctuating
asymmetry and only one degenerative disease risk factor or health outcome,
systolic blood pressure, in a contemporary sample of NMS. Hypertension not
only represents a degenerative disease outcome, but is also a key component of
metabolic syndrome and an independent risk factor for cardiovascular disease
(Gillis and Sullivan, 2016). This single finding is narrowly consistent with the
implications of Weisensee (2013), as well as the DOHaD hypothesis. The
DOHaD hypothesis predicts that developmental stress may be particularly
impactful for degenerative diseases of metabolic origin (Barker and Osmond,
1986; Barker, 2003). While our findings with SBP are consistent with this
prediction, if FA represented a broadly applicable indicator of developmental
stress, there would be greater expectation for FA to be associated with a wider
range of degenerative disease risk factors and health outcomes.
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While we accounted for age-related variation in facial FA, isolating the
component of FA that is specific to the developmental period, which is most
relevant to the DOHaD hypothesis, is not possible with FA estimates derived
from the face or underlying skull. For this reason, perhaps FA serves as a better
measure of cumulative stress over the life course than as an indicator of stress
during the developmental period alone, as would best fit an examination of the
DOHaD hypothesis. Alternatively, given the pattern of results presented here, as
compared to previous studies, FA may represent only a sample-specific indicator
of environmental stress during development and the increased risks of
degenerative disease associated with it. This sample-specific nature may reflect
underlying differences in stress responses to varying environmental and
sociocultural conditions, as well as the accumulation of disease risk across the
life course. Overall, this study provides a more complete assessment of FA and
its health correlates, between sexes and age cohorts, using a diverse dataset.
These findings are not only important for understanding variation in health risk in
living humans, but also for interpreting morphological variation and health in past
populations.
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ABSTRACT
We investigated the relationship between facial fluctuating asymmetry
(FA) and allostatic load in a sample of living humans. Our sample consisted of
three-dimensional (3D) facial photographs, 10 biomarkers of disease risk and
health outcomes, and demographic information from 313 adult men and women
living in New Mexico. Individual FA scores were calculated using 12 3D facial
landmarks and a two-factor Procrustes ANOVA. Two allostatic load indices,
defined as the sum of all biomarkers at marker-specific high-risk levels, were
calculated for each individual to reflect total allostatic load (ALI-T) and allostatic
load associated with metabolic biomarkers only (ALI-M). We used generalized
linear models (GLM) to examine the relationship between FA and each allostatic
load index (ALI), as well as how this relationship varies by age and sex. We
found no significant main or interaction effects of FA on either ALI, indicating that
FA is not associated with allostatic load in our sample.
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INTRODUCTION
We evaluate the relationship between two complementary indicators of
chronic stress: allostatic load, a measure of cumulative disease burden in living
humans (McEwen and Stellar, 1993), and fluctuating asymmetry (FA), a measure
of biological buffering against fluctuations in environmental conditions, especially
during development (Parsons, 1990; Klingenberg, 2015). While FA has
previously been shown to predict individual markers of disease risk and health
outcomes, such as BMI and susceptibility to infections (Milne et al., 2003;
Thornhill and Gangestad, 2006), the link between FA and a cumulative marker of
disease burden such as allostatic load has never been empirically tested. Using
a combined dataset comprised of three-dimensional (3D) facial photographs, 10
biomarkers of disease risk and health outcomes, and sociodemographic data, we
test the association between FA and two disparate indices of cumulative
allostatic load. In addition, we discuss the utility of FA as a proxy for allostatic
load, which can only be measured directly in living humans, for investigations of
health and wellbeing in past populations.
Measuring stress in the living
Allostasis is a systemic process by which organisms perceive and respond
to environmental stressors (Sterling and Eyer, 1988; Korte et al., 2005; Edes and
Crews, 2017). Within this system, the physiological perception of an internal or
external stressor generates a hormonal stress response that simultaneously
maximizes the probability of survival in the face of a stressor and minimizes
damage to the soma associated with mounting such a response. While these
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stress responses are advantageous in the moment, there are costs associated
with chronic exposure to stress, which can lead to physiological dysregulation
across multiple biological systems (McEwen and Stellar, 1993).
Allostatic load represents the accumulation of physiological dysregulation
that results from repeated exposure to stressors and the physiological responses
to them. While an individual’s true allostatic load cannot be measured directly, an
estimate can be calculated using an allostatic load index (ALI), which represents
a composite of increased-risk biomarkers derived from various biological systems
(Seeman et al., 1997; Edes and Crews, 2017). Damage from chronic stress
responses accumulates across the life course, so ALI values tend to increase
with age, but stabilize in older adulthood due to selective mortality (Crimmins et
al., 2003; 2009; Seeman et al., 2008). Higher ALI values in adulthood have
previously been linked to non-specific stress experiences in early life (McEwen,
2003; 2004; Seeman et al., 2010), low birth weight as a proxy for stress
experienced in utero (Barboza Solís et al., 2015), and experiences with childhood
neglect and abuse (Danese and McEwen, 2012; Horan and Widom, 2015).
Additionally, allostatic load is also negatively associated with socioeconomic
status (SES; Szanton et al., 2005; Seeman et al., 2014; Upchurch et al., 2015)
and educational attainment (Hansen et al 2016, Seeman et al., 2008). Allostatic
load indices have been used to predict subsequent health outcomes, such as
cardiovascular disease, type II diabetes, and hypertension (Karlamangla et al.,
2002; 2006; Mattei et al., 2010), and mortality (Seeman et al., 2004; Gruenewald
et al., 2006; Glei et al., 2014) in living human populations. Furthermore, the
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ability to predict such outcomes is consistently higher for ALIs than individual
biomarkers (Karlamangla et al., 2002; Seeman et al., 2001; 2004).
The construction of ALIs varies across studies depending on the
biomarkers available and specific research objectives. In general, ALIs include
biomarkers from a variety of biological systems, such as the cardiovascular,
immune, metabolic, and neuroendocrine systems. To assess both recent and
long-term effects of stress, ALIs often include both primary mediators, such as
cortisol or interleukin-6, and secondary outcomes, such as BMI, blood pressure,
and markers of inflammation (Edes and Crews, 2017). As Karlamangla and
colleagues (2002) indicate, primary mediators typically reflect more recent stress
experiences, whereas secondary outcomes reflect long-term exposure to stress.
Furthermore, ALIs typically account for sample-specific variation in the
biomarkers examined, as biomarkers with little within-sample variation may be
less informative for certain study populations (Edes and Crews, 2017).
ALIs are calculated by dichotomizing biomarkers into low risk and high risk
groups based on a biomarker-specific threshold representing increased risk for
subsequent disease. Cutoff thresholds used to create low vs. high risk groups
vary across studies. Sample-specific 75th percentile cutoffs for each biomarker
are most common (Seeman et al., 1997; Edes and Crews, 2017) while other
studies use clinical risk thresholds (Hampson et al., 2009; Bird et al., 2010;
Rosenberg et al., 2014) or a combination of the two (Crimmins et al., 2003;
Mattei et al., 2010; Gay et al., 2015). Furthermore, in samples that include both
sexes, it is common to use sex-specific cutoffs (Robertson et al., 2014; Vie et al.,
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2014; Barboza Solís et al., 2015; Hansen et al., 2016), as sex differences in
hormonal stress responses may influence the accumulation of allostatic load
(Seeman et al., 2002; Stephens et al., 2016).
Measuring stress in past populations
While ALIs can clarify the costs of chronic stress exposure in the living,
few comparable measures of cumulative disease burden exist for past
populations. Marklein and colleagues (2016; 2017) developed a skeletal frailty
index (SFI) that represents a cumulative measure of specific types of stress
exhibited by the skeleton. This index was adapted from models of frailty in living
humans, which typically include indicators of comorbidity, weight loss, muscle
weakness, loss of mobility, loss of cognitive function, inability to maintain
personal hygiene, fatigue, and other consequences of aging (Fried et al., 2001;
Rockwood et al., 2004; 2005). The SFI combines 13 markers of skeletal stress,
including linear enamel hypoplasia, periostitis, porotic hyperostosis, and
osteoarthritis. These markers represent analogs to many frailty indicators used
for living humans, including disruption of growth, malnutrition, infection, physical
activity, and trauma. However, as Wood and colleagues (1992) demonstrate,
estimations of individual morbidity and mortality risks using only skeletal lesions
like the above can be misleading; the presence of certain skeletal lesions can be
indicative of both greater or lesser “health” depending on hidden heterogeneity in
susceptibility to disease and death. This problem is one of the central tenets of
the Osteological Paradox that makes estimations of individual health experiences
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of past populations intrinsically difficult (Wood et al., 1992; DeWitte and
Stojanowski, 2015).
Fluctuating asymmetry represents an alternative means of estimating the
biological effects of chronic stress exposure that is frequently utilized in
evolutionary biology and anthropology. FA is thought to reflect underlying
developmental instability (DI), which can be defined as an organism’s inability to
buffer against stochastic perturbations in environmental conditions during
development (Parsons, 1990; Van Dongen and Lens, 2000; Klingenberg, 2003;
2015). FA is calculated by quantifying random left-right morphological differences
between two halves of bilateral structures that result from such environmental
fluctuations (Klingenberg, 2015). Similar to allostatic load, individual levels of FA
tend to increase with age, due to the accumulation of stress experienced
throughout life, especially stress encountered during the developmental period
(Naugler and Ludman, 1996; Albert and Greene, 1999; Lens et al., 2002; Hope et
al., 2003). Many studies have used SES as a proxy for stress experiences, and
negative associations between FA and SES have been found across several
human populations from the past (DeLeon, 2007; Gawlikowska et al., 2007;
Özener, 2010). Studies of FA in living humans have demonstrated age- and sexspecific links between FA and individual biomarkers predicting health outcomes,
particularly those associated with metabolic syndrome, such as obesity and type
II diabetes (Milne et al., 2003; Diehl et al., 2006). While both ALIs and FA are
known to reflect the costs of chronic stress exposure, these variables represent
complementary manifestations of these costs; ALIs primarily reflect physiological
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burden measured in blood and other soft tissues, and can only be measured in
the living, whereas FA represents morphological variation in both soft and hard
tissues that can be measured in both the living and the dead. However, the
relationship between FA and composite ALIs has never been explored.
The present study evaluates the relationship between FA and two
cumulative ALIs calculated using biomarkers of disease risk and health
outcomes: 1) total allostatic load and 2) metabolic allostatic load, which may be
particularly informative for our study sample. If FA and allostatic load represent
complementary measures of chronic stress exposure, we would expect to find
correspondence between these variables within the same sample. Given this
prediction, as well as previous research indicating age- and sex-specific links
between FA and individual biomarkers (Milne et al., 2003; Diehl et al., 2006), we
test the following hypotheses:
1) Higher FA scores are associated with increased total allostatic load
2) Higher FA scores are associated with increased metabolic allostatic load
3) The relationship between FA and these ALIs varies by age and sex
In order to test these hypotheses, we use generalized linear models to predict
each ALI using individual facial FA scores. To investigate age- and sex-specific
relationships, we include main and interaction effects for FA, age, and sex in
each model.

MATERIALS
Ethics statement
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All research reported in the present study was conducted in accordance
with protocols approved by the University of New Mexico Main Campus
Institutional Review Board (HRPO #09-412, 10-310, 12-026). We obtained
informed consent for all participants prior to study participation.
Study sample
The study sample included 313 adult New Mexicans of Spanish-speaking
descent (NMS), men and women aged 18 to 91 years old with a mean age of 48
years. The sample includes more women (180) than men (133), but age ranges
and mean ages were similar across the sexes. Inclusion criteria included age
over 18 and self-identification as NMS. For each study participant, we collected
3D facial photographs, 10 biomarkers of disease risk and health outcomes, and
sociodemographic information. We defined a series of 12 3D landmarks on each
facial photograph in Meshlab v1.3.3, representing areas of the face that
commonly exhibit fluctuating asymmetry (Cignoni et al., 2008; see Chapter 2, this
volume: Fig. 1). All landmarks were defined twice for each participant by one
author to allow for intra-observer error assessment during the FA score
calculation process (Klingenberg et al., 2002). The biomarkers encompass
multiple biological systems known to accumulate the physiological dysregulation
that underlies allostatic load. Cardiovascular measures included systolic blood
pressure (SBP), diastolic blood pressure (DBP), and resting pulse rate (PR);
metabolic measures included body mass index (BMI), waist-hip ratio (WHR),
body fat percentage (BFP), glycated hemoglobin (HbA1c), and hemoglobin (Hb);
immune/inflammatory measures included Epstein-Barr virus antibody (EBV) and
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C-reactive protein (CRP). HbA1c, Hb, EBV, and CRP were calculated using dried
blood spots (DBS) collected by authors C.M. and M.H. HbA1c was processed by
Geonostics, Inc. Author C.M. processed all other DBS biomarkers in the
Hominoid Reproductive Ecology Laboratory at the University of New Mexico. Hb
was quantified using a colorimetric assay validated by Williams and McDade
(2009); EBV was quantified using an enzyme immunoassay validated by
McDade et al. (2000); and CRP was quantified using an enzyme immunoassay
validated by McDade et al. (2004). Demographic information included age and
sex.

METHODS
Fluctuating asymmetry
Three-dimensional landmark coordinates were subjected to generalized
Procrustes analysis in MorphoJ 1.06d (Klingenberg, 2011) to remove location,
orientation, and size variation between individuals, isolating variation specific to
facial shape in multiple dimensions. We used this remaining variation to calculate
individual FA scores using a two-factor Procrustes ANOVA per established
methods (Klingenberg et al., 2002; Klingenberg, 2011; Weisensee, 2013). This
method provides estimates of symmetric shape variation (individual), shape
variation attributed to directional asymmetry (side), shape variation attributed to
fluctuating asymmetry (individual x side interaction), and measurement error.
Individual Mahalanobis FA scores were obtained using the individual x side
interaction term.
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Allostatic load
Following the methods of Crimmins et al. (2003) and Gay et al. (2015), we
dichotomized biomarker data into low risk vs. high risk groups using a
combination of clinical risk thresholds and sample-specific quartiles (Table 1).
We used sex-specific clinical thresholds for WHR, BFP, and Hb. As there is no
clinical threshold for EBV to our knowledge, we designated individuals with EBV
antibodies above the 75th percentile of our sample as high-risk. We calculated
two allostatic load indices for each individual: (1) total allostatic load score (ALIT) representing the sum of all biomarkers in the high-risk category (0-10); and (2)
metabolic allostatic load score (ALI-M) representing the sum of biomarkers in the
high-risk category, using only biomarkers associated with metabolic syndrome
(0-6; see Table 1). ALI-M includes all cardiovascular and metabolic measures
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except PR and Hb, as these biomarkers did not vary significantly within our
sample. These metabolic biomarkers also represent a significant component of
disease risk among Hispanic Americans (Ford et al., 2002), so this ALI may be a
more relevant measure of cumulative disease burden within our study population.
Statistical analyses
Summary statistics were calculated to examine overall variation in FA,
individual biomarkers, ALI-T, and ALI-M: mean, standard deviation, and the
proportion of individuals with high-risk levels of each biomarker (HR%). To
examine age- and sex-specific variation, these analyses were performed for the
entire sample, men, women, and six age/sex cohorts: young adult men and
women (18 – 34 years), middle adult men and women (35 – 64 years), and older
adult men and women (65+ years). These age ranges were adapted from U.S.
Census Bureau reports conducted to examine demographic variation among
recent generations (U.S. Census Bureau, 2011; 2014; 2017).
We used generalized linear models (GLM) to assess the relationship
between individual levels of FA and each ALI score. ALIs represent count data,
so we used Poisson GLMs with the log link function. Given previous findings
indicating age- and sex-specific variation in FA and AL, we constructed three
iterative models for each ALI: 1) main effects for FA, age, and sex; 2) main
effects and all two-way interaction effects for FA, age, and sex; 3) main effects,
two-way interactions, and the three-way interaction effect for FA, age, and sex.
For each model, FA and age were mean-centered, and sex was effect coded (M
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= -1, F = 1). Akaike Information Criterion (AIC) values for each iterative model
were used for model selection (Burnham and Anderson, 2002).

RESULTS
Procrustes ANOVA results indicate that variation attributed to fluctuating
asymmetry is statistically significantly higher than that of measurement error (see
Chapter 2, this volume: Table 2 for more details). Table 2 and Figures 1 – 5
provide summary statistics for FA, individual biomarkers, ALI-T, and ALI-M for
the entire sample and each age/sex cohort. As Figure 1 indicates, there were no
significant differences in FA scores between sexes or age cohorts. Figure 2
shows the proportion of individuals in the high-risk group for each biomarker
separated by sex, demonstrating that patterns of risk vary across sexes in our
sample. Few individuals of either sex had high-risk levels of resting pulse rate.
Most individuals in the sample had high-risk levels of BFP. For most
cardiovascular and metabolic measures, the proportion of men with high-risk
biomarkers was greater than that of women. In contrast, women had higher
proportions of high-risk biomarkers for Hb, CRP, and EBV. Figure 3 is a
histogram of the distribution of ALI-T scores across the sample. This plot
indicates a substantial right skew in total allostatic load scores; most individuals
in the sample had ALI-T scores of 4 and under, and fewer individuals fell into the
upper extremes of ALI-T. ALI-M exhibited a similarly skewed distribution; this
histogram can be found in Appendix B, Figure B.1. Consistent with the
accumulation of physiological dysregulation predicted by allostasis theory, Figure
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4 demonstrates increasing ALI-T scores for each successive age cohort
(p<0.001). We also found significant differences in ALI-T between sexes (Fig. 5).
Men in our sample had significantly higher ALI-T compared to women within the
young and middle adult age cohorts (p<0.05). This difference was not found in
the older adult age cohort (Fig. 5).

Figure 1. Fluctuating asymmetry by age and sex. All pairwise comparisons were nonsignificant.
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Figure 2. Proportion of low risk vs. high risk levels of each biomarker between sexes.

Figure 3. Histogram of the distribution of ALI-T.
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Figure 3. Total allostatic load by age cohort. All pairwise comparisons were statistically
significant (p<0.001).

Figure 4. Total allostatic load by sex and age. *p<0.05.
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GLM results for ALI-T and ALI-M can be found in Table 3. Model selection
indicated best fit models for both ALIs that included main effects for FA, age, and
sex and all two-way interaction effects. For simplicity, only the results for this best
fit model will be presented here. In both models, only the main effects for age
and sex were statistically significant predictors of ALI-T and ALI-M (p=0.000),
demonstrating that both ALIs increase with age and male sex. While model
selection indicated greater fit for the model including two-way interactions, no
significant interaction effects were found; that including these interactions
resulted in slightly greater model fit is likely due to the age*sex interaction in both
models (p<0.1). Given these model results, we found no significant main or
interaction effects of FA on either ALI.

DISCUSSION
The results presented here suggest that facial FA is not associated with
allostatic load in our sample. We hypothesized that individuals with higher FA
have higher allostatic load, and that this relationship varies by age and sex. We
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did not find support for these hypotheses for either ALI, including the more
sample-specific metabolic allostatic load. Given the complementary nature of the
theories underlying fluctuating asymmetry and allostatic load, this result was
contrary to our expectations. There are several methodological considerations
that may help explain this finding. First, most biomarkers included in the
calculation of each ALI exhibited relatively low rates of clinical high-risk group
membership. Consequently, most individuals in the sample had relatively low
allostatic load scores. These sample characteristics may indicate that not enough
variation in cumulative disease risk was present in the sample to detect the
relationships we hypothesized. Second, all biomarkers included in our sample
represent secondary outcomes of allostasis, which reflect the long-term effects of
chronic stress exposure. The inclusion of primary mediators of allostasis, such as
cortisol or interleukin-6, which indicate more current stress exposure, would
provide a more complete picture of the stress experiences of the individuals in
our sample. Third, in Chapter 2 of this volume, we demonstrated that FA only
predicted one biomarker of disease risk in our sample, systolic blood pressure,
and this predictive relationship was limited to middle and older adult women.
Given the relative dearth of relationships between FA and the majority of our
biomarkers, it is possible that FA, as we have measured it, is not particularly
informative for understanding disease risk, cumulative or otherwise, in our
sample.
The objective of this paper was to explore the utility of FA as a potential
proxy for allostatic load in the past. An association between FA and allostatic
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load among living humans would suggest that FA is not only a measure of
individual buffering capabilities against early life stress, but also individual
susceptibility to physiological dysregulation and, thus, accumulated morbidity and
mortality risk. Within this context, FA would provide bioarchaeologists with an
additional tool for understanding individual variation in health and wellbeing
among past populations. However, we did not find support here for the utility of
FA as a proxy for allostatic load. Given the methodological constraints of our
sample, the results presented here may not be generalizable across populations.
Nevertheless, this research represents the first empirical test of the longhypothesized link between two complementary indicators of cumulative stress
exposure. More research is needed to determine whether FA, perhaps used in
conjunction with additional measures of skeletal stress, such as an SFI (Marklein
et al., 2016; Marklein and Crews, 2017), has the potential to create a more
complete understanding of health and stress in the past.
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ABSTRACT
Objectives: The present study investigates environmental influences
during development on facial fluctuating asymmetry (FA), which has been linked
to disease risk, in a sample of living humans. Using a retrospective,
environmental questionnaire and structural equation modeling, this research
evaluates multiple environmental drivers of FA in humans within a single model.
Materials and Methods: The study sample consisted of 80 men and
women; ages ranged from 20 to 83, with an approximately equal sex distribution.
Data included adult sociodemographic information, a 29-item retrospective
questionnaire addressing environmental conditions during development, and
individual FA scores calculated using geometric morphometrics. Questionnaire
items reflected the overall home environment, family socioeconomic status
(SES), childhood sickness burden, and childhood dietary quality. We computed
two nested structural equation models to examine direct predictive relationships
between six latent variables representing environmental conditions and adult
facial FA scores.
Results: We found that a latent variable reflecting childhood dietary
quality (Diet) significantly predicts adult facial FA scores in a model controlling for
other latent variables: adult SES, childhood SES, a rural home environment, and
childhood sickness. The Diet construct loaded negatively on adult FA, indicating
that individuals with lower quality diets during childhood had higher facial FA
scores in adulthood. We found no other direct relationships between FA and the
other latent constructs, nor an impact of age on FA, in these models.
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Discussion: This research represents a first step in understanding how
the developmental environment, particularly nutritional availability, relates to
facial FA in humans.
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Fluctuating asymmetry (FA) is frequently used as a cumulative measure of
developmental instability (DI), which represents an individual’s differential ability
to buffer against random fluctuations in environmental conditions throughout the
developmental period (Parsons, 1990; Van Dongen and Lens, 2000;
Klingenberg, 2015). An individual’s degree of FA is thought to reflect both the
amount of developmental stress experienced and the individual’s ability to buffer
against these stressors (Lens et al., 2002). Because FA is thought to represent a
proxy for developmental stress, it has been used as a signal for disease risk and
health outcomes driven by developmental stress experiences (Milne et al., 2003;
Weisensee, 2013), which is useful for predicting health in living humans and
interpreting it in past populations. However, previous work investigating the
specific developmental stressors that promote FA in humans has been fairly
limited.
While methods of estimating individual levels of FA have varied over time,
all methods seek to quantify random left-right differences in the morphology of
bilateral structures (Klingenberg, 2015). Historically, FA has been estimated from
two-dimensional (2D) measurements of both facial and bodily features, such as
left vs. right ear length. More recent studies have begun to use three-dimensional
(3D) landmark coordinates and multivariate geometric morphometric analytical
approaches that produce a better approximation of underlying DI, as well as
information about bilateral fluctuations in shape in addition to size (Klingenberg et
al., 2002; Hope et al., 2013; Weisensee, 2013). Anatomical sources of FA
frequently vary across studies, and these varying sources are often aggregated
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in the FA literature. However, Hope and colleagues (2013) argue that different
sources of FA across human morphological structures may not be as
interchangeable as the literature suggests. These authors demonstrated a link
between childhood SES and facial FA, but not body FA, implying that face and
body FA may reflect different sources of environmental fluctuations. Because of
these results, Hope et al. (2013) argue that estimates of FA derived from faces
may provide a better measure of early life stress experiences and underlying DI.
Consequently, the present study calculates estimates of facial FA using a 3D
geometric morphometric protocol.
Environmental influences on FA
The earliest studies of the environmental conditions that promote the
development of FA were animal models that focused on specific environmental
stressors in an experimental setting; heat stress, cold stress, noise, protein
deprivation, and overall nutrition deprivation have been shown to increase FA in
rats and birds (Siegel and Doyle, 1975; Siegel et al., 1977; Sciulli et al., 1979;
Swaddle and Witter, 1994). Møller and Manning (2003) also found that FA is
negatively associated with growth rate in chickens. This finding suggests that FA
is a function of energy availability, whereby additional energy allocated toward
maintaining homeostasis in a stressful environment results in reduced energy
allocated toward growth and, presumably, greater FA (Møller and Manning,
2003). Studies of environmental drivers of FA in humans have been limited; most
research relies on non-specific proxies for developmental stress, typically among
skeletal assemblages for which specific environmental conditions during
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development cannot be measured (Little et al., 2002; DeLeon, 2007; Özener,
2010; Özener and Fink 2010; Özener, 2011).
The most common proxy for developmental stress used in studies of FA in
humans, both living and dead, is socioeconomic status. This body of research
demonstrates that individuals with lower SES, who presumably have poorer
quality of life, less access to resources, poorer nutrition, and higher disease
burden, have higher levels of FA. In most studies SES is estimated using
dichotomous proxies based on family home or burial locations in neighborhoods
or cemeteries associated with more or less status (DeLeon, 2007; Özener, 2010;
Özener and Fink, 2010; Özener, 2011). Additionally, Gray and Marlowe (2002)
demonstrated a similar result examining lifestyle differences between
contemporary Hadza and a U.S. college sample. Two studies have examined the
effects of SES on adult FA using direct measures of SES in living humans.
Quinto-Sánchez and colleagues (2017) found no association between a
composite measure of SES and FA in a large sample of Central American
populations. However, this study measured current SES in adulthood, which may
not represent the most informative predictor of FA as a marker of stress during
development. Indeed, Hope and colleagues (2003) found that adult facial FA was
negatively associated with SES during childhood, but not in adulthood, among
the Lothian Birth Cohorts of the United Kingdom. Additionally, these authors
found no evidence for a mediating relationship between childhood SES and adult
SES using a latent variable approach.
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Less attention has been given to more specific environmental conditions
during development that promote FA in humans. Little and colleagues (2002)
tested for differences in body FA between an undernourished population of
children in Mexico and a relatively well-nourished control sample in Texas. These
authors did not find consistent increases in body FA among the undernourished
population compared to the control group. In a large-scale, longitudinal study,
Pound and colleagues (2014) examined the effects of childhood health on FA.
Using the Avon Longitudinal Study of Parents and Children, these authors found
no association between childhood health histories and facial FA in 15-year-olds.
Pound et al. (2014) utilized high quality data for both childhood health measures
and FA scores; in addition, because FA often accumulates with age, the
comparison of childhood health measures with FA measured in adolescence
likely produces a better approximation of the developmental component of FA
than other studies (Klingenberg, 2015). These two factors suggest that Pound
and colleagues (2014) have produced the strongest statistical examination of the
effects of specific developmental conditions on FA to date. However, because FA
often accumulates with age, results of the above studies among children and
adolescents who are still in the developmental period may not be generalizable
to other studies that focus on adults. Furthermore, the studies described above
only examined specific aspects of the developmental environment in isolation;
examining separate components of the developmental environment in concert
allows for an evaluation of the effect of each individual component while
controlling for the others, as many environmental conditions are likely to be
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linked. A study that investigates the effects of several aspects of the
developmental environment on FA simultaneously has yet to be reported.
Characterizing the Developmental Environment
The present study evaluates relationships between FA and a series
of latent constructs, described below, representing various aspects of the
developmental environment, both physical and sociocultural. Figure 1 illustrates
the environmental components, theorized implications for energy availability, and
hypothesized effects on FA associated with each latent construct. These
predictions test the overall hypothesis that individuals with poorer access to
resources, poorer dietary quality, increased infection burden, and poorer quality
of life overall during childhood will have higher facial FA in adulthood.
Given previous work, our latent constructs include SES, separated into
status in adulthood and overall family status during childhood; a rural home
environment during childhood; childhood stress/sickness burden; and childhood
dietary quality. These constructs, and the resulting predictions, reflect a
developmental framework founded in energy availability: several constructs
represent relative availability of resources and energy consumed (inputs), while
other constructs represent developmental conditions that drive energy allocation
(outputs).
The adult and childhood SES constructs reflect overall access to
resources, as well as social standing, in a modern sociocultural environment
(Singh-Manoux et al., 2003). Given previous research, we predict that childhood
SES will be negatively associated with adult FA, and adult SES will either follow
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Figure 1. Environmental components, theorized implications for energy availability, and
hypothesized effects on FA of each latent construct.

this pattern or exhibit no association with adult FA. The rural home environment
construct reflects a combination of environmental factors relating to gradients in
resource access and pathogen exposure associated with rural-to-urban
environments, which are known to drive health disparities among rural
populations (Eberhardt and Pamuk, 2004). We predict that a more rural
childhood environment, characterized by lower resource access and higher
pathogen load, will be positively associated with adult FA. The childhood
stress/sickness construct reflects physiological stress and infection burden during
childhood. We predict that childhood sickness will be positively associated with
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adult FA. The childhood dietary quality construct reflects archetypal quality of
energy consumed. Given previous research among animal models, we predict
that dietary quality will be negatively associated with adult FA.
We test the above predictions using a latent variable approach, similar to
Hope and colleagues (2013), that combines multivariate facial FA scores with a
retrospective questionnaire addressing each aspect of the developmental
environment. Many components of the developmental environment are
multifactorial and inherently latent. Structural equation modeling (SEM) allows us
to model such multifactorial, latent constructs in a single, unified model using
manifest variables that can be measured directly. Structural equation models
consist of two steps that create statistical paths from manifest variables to latent
constructs (Gefen et al., 2011; Muthén and Muthén, 2011). First, the
measurement model, typically constructed based on theory, evaluates
relationships among manifest variables to produce latent constructs, or factors,
which represent a mathematical combination of manifest variables, each with its
own factor loading. This process is synonymous with confirmatory factor
analysis. Second, the structural model evaluates predictive relationships between
the latent constructs and/or a dependent variable. The structural model in this
paper represents predictive paths between each latent construct and adult FA
scores. Hope and colleagues (2013) suggest that this multifactorial approach
may provide additional power in identifying associations with FA compared to
evaluating individual manifest variables in a multivariate regression context. For
example, we might not expect that fast-food consumption alone would predict
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adult FA, but a combined dietary construct that includes fast-food consumption
and other important factors of dietary quality may be associated with adult FA.
Moreover, an SEM approach allows for the evaluation of multiple latent
constructs as dependent variables simultaneously (Gefen et al., 2011).
Alternative methods for data reduction and combination, such as principal
components analysis, would likely yield models comparable to SEM, but rely
solely on statistical combination of manifest variables, rather than models that
are informed by theory. For the present study, we construct two nested structural
equation models: 1) direct predictive paths to adult FA scores for each construct
in a single model, and 2) direct predictive paths to adult FA scores while
controlling for the effects of age. Additionally, we test direct predictive paths to
adult FA scores for each construct individually to assess the relative robustness
of the full model results given sample size.

MATERIALS AND METHODS
Ethics statement
Research protocols for this study were approved by the Main Campus
Institutional Review Board at the University of New Mexico (HRPO #09-412, 10310, 12-026, 20125). Informed consent was obtained from all participants prior to
participation in this research.
Study sample
Our study sample consisted of 80 adult men and women living in New
Mexico, with an age range of 20 – 83 years old and a mean age of 49 years,
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divided approximately equally across sexes (38 men, 42 women). We collected
three primary categories of data across two waves of data collection. The first
wave of data collection, which collected 3D photographs and current
sociodemographic data, used a convenience/snowball sampling strategy. In
order to create a sample reflecting overall sociodemographic variation within New
Mexico, we targeted underrepresented age groups and socioeconomic
categories after initial convenience sampling. Complete sampling procedures and
inclusion criteria for the first wave can be found in Hunley and colleagues (2017).
The second wave of data collection, which administered the retrospective
questionnaire, recruited 80 first-wave participants who consented to future data
collection and had 3D facial photographs suitable for landmark identification
(neutral facial expressions and landmark areas unobstructed by hair).
Fluctuating asymmetry. 3D facial photographs were collected using an
Inspeck Cyclops3 3D camera. We defined 12 3D facial landmarks on each face
using Meshlab v1.3.3 for FA score calculation (Cignoni et al., 2008; see Chapter
2, Fig. 1); these landmarks reflect areas of the face known to exhibit significant
degrees of FA, such as the corners of the eyes, nose, and mouth. This process
was repeated by a single author for the entire sample to control for the effects of
measurement error during FA score calculation. Coordinate data were imported
into MorphoJ 1.06d for generalized Procrustes analysis, which translates,
rotates, and scales raw landmark data to remove all variation attributed to
location, orientation, and size between individuals (Klingenberg, 2011). This
process isolates shape variation in multiple dimensions that can be partitioned
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into both symmetric and asymmetric components; we used the asymmetric
shape variation component to calculate individual FA scores per established
geometric morphometric methods using a two-factor Procrustes ANOVA
(Klingenberg et al., 2002; Klingenberg, 2011; Weisensee, 2013). We used the
individual x side interaction term of the Procrustes ANOVA to calculate
Mahalanobis FA scores, scaled to sample variance in FA, for each individual.
Adult sociodemographic data. Sociodemographic data for each
participant at the time of study participation included age, educational attainment,
household income, occupation, and a combined measure of subjective SES. We
did not include sex as a covariate in this study due to a lack of statistically
significant differences in FA scores between sexes in our sample (p = 0.994).
Despite this lack of sex differences in FA, it is possible that environmental
conditions during development may impact the sexes differently; however, our
sample size did not allow for sex-specific models. Educational attainment was
measured using an ordinal variable on a 5-point scale; responses ranged from 1
(some high school or less) to 5 (advanced or professional degree). Household
income was measured using an ordinal variable on a 9-point scale; responses
ranged from 1 (less than $5,000 annually) to 9 ($100,000+ annually). Occupation
was measured using an ordinal variable on a 12-point scale adapted from the
Standard Occupational Classification system; responses ranged from 1
(professional) to 12 (unemployed). We reverse coded occupation responses for
ease of interpretation in statistical analyses. SES was measured using an
adapted version of the MacArthur Scale of Subjective Social Status that reflects
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the participant’s subjective view of their own SES compared to their peers
(Singh-Manoux et al., 2003). This scale uses a visual representation of a social
ladder accompanied by descriptions of wealth, education, and occupation for
individuals at the top and bottom of the ladder; participants assigned themselves
to one of ten ladder rungs, allowing for half rungs, in the context of other people
in New Mexico.
Retrospective questionnaire. Each participant responded to a 29-item
questionnaire addressing aspects of the childhood developmental environment,
including general home environment, family SES, health/stress, and quality of
dietary intake. Here we define the developmental environment as birth to 18
years of age. All questions reflect the entire developmental period unless
otherwise noted. The questionnaire was designed to capture environmental
variation across a wide range of ages, reflecting cohort-specific environmental
conditions. We administered questionnaires using the most comfortable means
for each participant: in person in their home or a private office space on the
University of New Mexico campus, over the phone, or via email. We provided
opportunities for clarification to all participants to ensure consistency of
responses across all forms of administration. Because of the retrospective nature
of the questionnaire, which spanned many decades for some participants, we
designed the questions to facilitate meaningful responses given the passage of
time; we tailored language to promote reasonable memory of specific events,
asked for general/relative rather than absolute measures, and targeted specific
time periods with multiple anchor points. For example, we started questions with,
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“When you were in elementary school…” rather than, “When you were six to 12
years old…”. All questions were adapted from previously validated methods or
were developed using a pilot sample of native New Mexicans. A complete copy
of the questionnaire can be found in Appendix D.
Childhood SES measures. We used nine indicators to characterize the
socioeconomic status of our participants’ families during the developmental
period: mother’s educational attainment, father’s educational attainment,
mother’s occupation, father’s occupation, number of household assets, luxury
assets relative to peers, parental occupation changes, financial assistance, and
overall SES of the entire family. While some of these measures are commonly
used to reflect family SES, such as parents’ education and occupation (Özener
and Fink, 2010; Özener, 2011), many of these measures represent novel
attempts to characterize family socioeconomic variation and stability more
completely and objectively within a retrospective framework. Parents’ educational
attainment, parents’ occupations, and overall family SES were measured using
ordinal variables identical to the adult sociodemographic data described above,
but were anchored to the elementary school period. Number of household assets
was measured using 0 (absence) or 1 (presence) of various domestic assets
owned by each family, allowing for multiples as needed. Assets included cars,
motorcycles, RVs, boats, farm equipment, TVs, video accessories, dishwashers,
and microwaves; many of these items represent cohort-specific “luxury” assets,
reflecting the relative financial means of families. The total number of potential
assets varied by generation (based on widespread availability), so the number of
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household assets was recorded as a proportion rather than an absolute number,
and we included only those assets that had reached widespread use in the
United States before the birth of each individual. Luxury assets relative to peers
was measured using an ordinal variable on a three-point scale reflecting relative
timing of obtaining luxury household items compared to one’s peers (what
constituted household luxuries was left open to interpretation, but appropriate
examples were given); responses ranged from 1 (after peers) to 3 (before peers).
Occupation changes of both available parents were measured using an ordinal
variable on a four-point scale; responses ranged from 0 (never) to 3 (4+
profession changes). Family use of financial assistance was measured using 0
(absence) or 1 (presence) of any relevant assistance program during the
developmental period of each participant.
Home environment measures. We used five indicators to characterize the
physical and social environment of participants’ childhood homes: general
environment type, number of siblings, pets, interactions with livestock, and use of
well water. These measures represent variation in access to resources and
pathogen exposure associated with the spectrum of rural-to-urban home
environments (Eberhardt and Pamuk, 2004; Dimich-Ward et al., 2006; Hölscher
et al., 2008). General environment type was measured using an ordinal variable
on a five-point scale reflecting time spent in rural, suburban, and/or urban
environments: responses ranged from 1 (only urban) to 5 (only rural). Family pets
were measured as 0 (absence) or 1 (presence) if the participants’ family had pets
at any time during the developmental period. Frequency of interactions with
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livestock and use of well water were both measured on a scale from 0 (never) to
10 (very frequently).
Health/stress measures. We used nine indicators to characterize
participants’ health and stress experiences during development: birthweight, age
of mother at birth, breastfeeding behavior, household smoking behavior,
childhood allergies, frequency of six common childhood infections, total infection
load, general sickness frequency, and stressful events score. These measures
represent actual health insults experienced, as well as several proxies for
developmental stress that have been previously associated with health and
wellbeing in adulthood (Sarason et al., 1978; Norbeck, 1984; Taylor and
Wadsworth, 1987; Léon-Cava et al., 2002; Barker, 2003). Since specific
instances of childhood infections can be difficult to remember, we asked
questions about infection burden in multiple ways. Birthweight was recorded as
total pounds and ounces, and all participants were asked whether their
responses were known from memory or estimated. Age of mother at birth was
recorded as total number of years at the participant’s birth. Breastfeeding
behavior was measured using 0 (absence) or 1 (presence) of participant
breastfeeding at any time during infancy. Frequency of smoking by any member
of the participant’s household was measured on a scale from 0 (never) to 10
(very frequently). Frequency of suffering from environmental or food allergies
during the developmental period was also measured on a scale from 0 (never) to
10 (very frequently). To measure the frequency of common childhood infections,
we asked participants how often, during elementary school, they experienced
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fever/flu, upper respiratory, gastrointestinal, ear, eye, and throat infections, in a
given year, using an ordinal variable on a 5-point scale; responses ranged from 0
(never) to 4 (very often). If the participant experienced any other infections not
accounted for by these categories, such as chicken pox or measles, frequency of
these infections was also recorded in the same manner. We summed all
frequency scores for each infection to obtain total infection load, which was
analyzed separately from each individual infection frequency. As an alternative
means of evaluating total sickness burden, we also asked participants how often
they were sick overall, during elementary school, compared to other children in
their home (if any); responses ranged from 0 (much less often) to 10 (much more
often).
The stressful events score was measured using an adaptation of the Life
Events Questionnaire (Sarason et al., 1978; Norbeck, 1984). We selected 16
individual items from the original instrument relating to participant’s health,
parents’ work, and home life to reflect overall health and stability of the childhood
environment; participants recorded whether each event occurred, had a “good” or
“bad” effect on their lives, and the severity of this effect on a 4-point scale
ranging from 0 (no effect) to 3 (great effect). Only those events rated as having a
“bad” effect were included, and we summed the effect severity ratings to obtain
the total effects of all stressful events experienced during the elementary school
period.
Dietary quality measures. Because typical food frequency diaries cannot
be applied to childhood, dietary measures were chosen to represent an overall
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dietary archetype that would be easiest for participants to recall. For example,
during the pilot study for this research, participants noted that they would be
more likely to remember if they were a picky eater as a child, resulting in certain
food groups being underrepresented in the diet, or if their family did not
frequently have access to fresh fruits and vegetables or animal proteins. In
addition, typical family behaviors of eating out versus cooking at home were
easily recalled for most participants, and these behaviors tended to vary by
generation as fast-food restaurants and “take-out” culture began to spread
across the U.S. in the mid-20th century (Rude, 2016). These pilot observations
were used to create a dietary archetype characterized by typical homemade
versus restaurant meal frequency and daily food group consumption.
We used six indicators to characterize the archetypal quality of
participants’ diets during the elementary school period: fast-food frequency;
homemade breakfast, lunch, and dinner frequency; total homemade meal
frequency; and general dietary servings of seven common food categories. The
frequency of fast-food restaurant meals in a given week/month during the
elementary school period was measured using an ordinal variable on an 8-point
scale; responses ranged from 0 (never or almost never) to 7 (more than once per
day). The frequency of homemade breakfasts, lunches, and dinners was
recorded out of 7 total meals in a given week for each meal. We summed all
homemade meal scores to obtain the total number of homemade meals, out of
21, in a given week, which was analyzed separately from each individual meal
frequency. We used a modified food frequency questionnaire adapted to remote
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dietary recall to measure general dietary servings for each of seven food
categories (Ambrosini et al., 2003): dairy, proteins, fats, fruits, vegetables,
grains/starches, and sugars/processed foods. We provided example foods for
each category; for example, the protein category listed fish, poultry, pork/ham,
red meat, lunch meats, bacon, eggs, beans, and nuts. For each category
participants recorded the general number of servings usually eaten, in a given
day during elementary school, using an ordinal variable on a 6-point scale;
responses ranged from 0 (no servings) to 5 (7+ servings), including a response
reflecting rare or special occasion consumption (1). We instructed participants to
think of a single serving as a typical helping of each food item.
To assess overall dietary quality using the serving data, we used a
modified Diet Quality Index (DQI) adapted from Kim and colleagues’ (2003)
method designed for weekly food diary data. This index uses individual scores
allocated to four categories reflecting overall dietary quality: variety, adequacy,
moderation, and balance. Because we could not obtain specific nutrient intake
information from remote dietary recall, we created a modified index that included
only category level data and a similar threshold structure for allocating points.
Individual food category scores, as well as dietary proportions, were used to
allocate points to each aspect of the DQI. We combined the fruit and vegetable
categories, as well as fats and sugars/processed foods, into single categories for
ease in point allocation. We summed the variety, adequacy, moderation, and
balance scores to calculate the total DQI. Complete details of our modified index
can be found in Table 1.

93

94
Statistical analyses
We calculated summary statistics for individual FA scores, adult
sociodemographic data, and all items from the retrospective questionnaire:
mean, standard deviation (SD), minimum, and maximum, or proportion of each
coded response, for continuous and categorical variables, respectively. We
removed several variables from further analyses due to a high degree of missing
data or low variability of responses: pets, birthweight, age of mother at birth,
homemade lunches, and homemade dinners. For example, only ~50% of our
participants knew their birthweight with any confidence. While birthweight is often
used as an indicator of intrauterine undernutrition (Barker, 2003, Godfrey et al.,
2007; Godfrey et al., 2010) and, thus, may represent an important predictor of
FA, this degree of missing data was inadmissible for our purposes. The final
dataset excluding these variables, which included approximately 3% missing
data, was used in the construction of the measurement model.
Measurement model. To reduce the number of manifest variables from
the retrospective questionnaire included in the analyses, excluding adult
sociodemographic data, and to validate our hypothesized latent variable structure
based on theory, we conducted an initial Exploratory Factor Analysis (EFA) in
Mplus 6.12 (Muthén and Muthén, 2011). During this process, model fit was
evaluated for each model comprised of two to five factors using four standard
indices (Kline, 2005; Hooper et al., 2008). First, we use a 𝝌2 test of the baseline
model, which assesses overall model fit by examining the discrepancy between
observed and expected covariance matrices; sufficient model fit is achieved
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when we fail to reject the null hypothesis that the model fits the data (p > 0.05).
Second, we calculate the Root Mean Square Error of the Approximation
(RMSEA), which represents model fit adjusted for parsimony; sufficient model fit
is achieved when RMSEA is less than 0.08. Third, we calculate the Comparative
Fit Index (CFI) which compares the observed model fit to the fit of an
independent, null model; sufficient model fit is achieved when the CFI is greater
than 0.9. Fourth, we calculated the Tucker Lewis Index (TLI), which is similar to
the CFI, but is tailored to smaller sample sizes; sufficient model fit is achieved
when the TLI is greater than 0.9.
For our EFA results, sufficient model fit was achieved only for the model
with five factors (𝝌2(346) = 372.42, p = 0.157; RMSEA = 0.031; CFI = 0.942; TLI
= 0.917). In developing the retrospective questionnaire data, we hypothesized
four factors representing childhood SES, rural home environment, health/stress,
and dietary quality; the EFA model reflecting five factors was roughly consistent
with this structure, but childhood SES was divided into two separate factors with
unique indicators. Based on examining individual factor scores for each, these
two factors reflected an approximate generational divide in socioeconomic
variation in our sample that is consistent with history, so we mirrored this
structure in our structural model; the SES1 factor included those variables most
relevant to our youngest individuals (like mother’s occupation and educational
attainment), whereas the SES2 factor included those variables most relevant to
our oldest individuals (like father’s occupation and luxury asset timing). Given
EFA results, we excluded all variables that exhibited high collinearity (r > 0.8) or
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did not have sufficient loadings on any factor (> 0.4): household assets, parental
occupation changes, breastfeeding, smoking, and several individual childhood
infections (fever, gastrointestinal, ear, eye, and throat). We also limited our adult
SES model to the current SES and household income variables due to
collinearity with educational attainment and occupation.
Structural models. We constructed two structural models in Mplus 6.12
(Muthén and Muthén, 2011) using the above EFA results and our initial
hypothesized latent variable structure (see Figure 1). Because of sample size
concerns, we used a Full Information Maximum Likelihood (FIML) approach to
maximize sample size while dealing with missing values; this approach utilizes all
available data for each individual, rather than employing listwise deletion that
limits the sample to complete cases. Model 1 represents the baseline structural
model, which included six latent variables with direct paths predicting adult FA
scores: 1) adult social status (SES-A), reflecting participants’ current
socioeconomic status as a potential confound; 2) childhood social status 1 (SESC1), reflecting childhood social factors for more recent generations; 3) childhood
social status 2 (SES-C2), reflecting childhood social factors for earlier
generations; 4) childhood setting (Rural), reflecting urban vs. rural home
environment; 5) childhood sickness (Sickness), reflecting overall stress and
sickness experiences; and 6) childhood diet (Diet), reflecting overall dietary
quality. We used modification indices computed for the baseline structural model
to improve model fit by adding direct and mediating predictive paths that were
consistent with theory and exhibited indices greater than five; while these is no
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universal standard for considering modification indices, we chose this threshold
due to the overall distribution of indices provided and the significant increase in
model fit observed when these indices were applied to the model (Muthén and
Muthén, 2011). Current SES and homemade meals exhibited negative residual
variance, which may indicate collinearity with other variables included in the
model; however, since the residual variances for these variables were not
significant, they were constrained at zero and retained in the model. The list of
included manifest variables per latent construct in the baseline model can be
found in Figure 2.
Model 2 was identical to Model 1, but with participant age added as a
covariate predicting adult FA scores given previously observed associations
between age and FA (Klingenberg, 2015; Chapter 2, this volume).

RESULTS
Results of the Procrustes ANOVA to isolate face shape variation attributed
to FA can be found in Table 2. This analysis demonstrates that our sample
exhibited a statistically significant degree of FA relative to measurement error
following established GM methods (Klingenberg et al., 2002; Pound et al., 2014).
The mean Mahalanobis FA score for the entire sample was 2.534, with a range
from 1.401 to 4.856. Summary statistics for all current and retrospective variables
can be found in Table 3.
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The initial baseline structural model converged, but did not exhibit
sufficient fit across all standard indices (𝝌2(212) = 252.56, p = .030; RMSEA =
0.049; CFI = 0.845; TLI = 0.816). Modification indices directed the following
additional direct and mediating paths: 1) add father’s education to Rural; 2) add
childhood SES ladder, luxury items, and fast-food to SES-C1; 3) add fast-food to
SES-C2; 4) correlate fast-food with siblings, mother’s education, and mother’s
occupation. While some of these paths were not initially hypothesized, and are
present in other latent variables, each of these additions is consistent with the
data constructing each latent construct. For example, frequency of fast-food
meals differs between generations, represented by SES-C1 and SES-C2, due to
differential access, and the loadings of fast-food on both latent variables reflect
this pattern. Similarly, frequency of fast-food meals was independently linked to
variables that are most informative in more recent generations, such as mother’s
education and occupation. Upon including these additional paths, sufficient
model fit was achieved, and no other modification indices meeting our criteria
were suggested.
Model 1: Direct Effects
The final baseline model (Model 1) converged and exhibited good fit to the
data across all standard indices (𝝌2(204) = 205.34, p = .461; RMSEA = 0.009;
CFI = 0.995; TLI = 0.994). Several manifest variables did not exhibit statistically
significant loadings on the latent constructs in Model 1. We conducted systematic
nested model comparisons using a 𝝌2 difference test to assess sufficient model
fit with and without these non-significant paths; sufficient fit was only achieved

101
when they were included, so these paths were retained in the final model. Model
1, including indicator loadings on each latent construct and predictive loadings on
adult FA scores, can be found in Figure 2. Bivariate correlations between all
manifest variables and all latent constructs included in Model 1 can be found in
Appendix C, Supplementary Tables C.1 and C.2, respectively. In addition,
individual latent variable models assessing robustness of the full baseline model
can be found in Appendix C, Supplementary Figures C.1 – C.6.
Latent constructs. For the SES-A construct, household income and the
adult SES ladder loaded positively and significantly on adult social status.
However, the SES-A construct did not significantly predict adult FA scores, while
controlling for all other latent constructs.
For the SES-C1 construct, representing participants’ childhood social
status among more recent generations, several variables reflecting overall home
environment and SES were significant indicators of childhood social status.
Childhood SES ladder, mother’s education, father’s education, mother’s
occupation, and fast-food frequency loaded positively on SES-C1, indicating
individuals with higher childhood social status had parents with higher
educational attainment, higher status careers, and reached higher family SES.
Siblings loaded negatively on SES-C1, indicating that those with higher social
status had fewer siblings. Luxury item timing, which also loaded negatively, was
not significant (NS) for this construct. The SES-C1 construct did not significantly
predict adult FA scores, while controlling for all other latent constructs.
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Figure 2. Model 1 illustrating direct predictive paths between six latent constructs
reflecting environmental conditions to facial FA scores in adulthood (see text for
explanation and fit indices). Latent constructs are represented by circles, and manifest
variables as rectangles. Dashed lines indicate non-significant paths. Standardized path
coefficients are shown. *p < 0.05.

For the SES-C2 construct, representing participants’ childhood social
status among earlier generations in our sample, several variables were
significant indicators of childhood social status. Father’s occupation, childhood
SES ladder, and luxury item timing loaded positively on SES-C2, indicating that
those with higher social status had fathers with higher status careers, achieved
higher family SES, and obtained luxury items before their peers. Fast-food
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frequency and financial assistance loaded negatively on SES-C2, indicating that
those with higher social status were less likely to require financial assistance.
Only financial assistance had a significant, negative effect on the model. The
non-significant, negative loading for fast-food observed here likely reflects that
earlier generations were less likely to have access to fast-food and take-out. The
SES-C2 construct also did not significantly predict adult FA scores, while
controlling for all other latent constructs.
For the Rural construct, environment type, livestock exposure, well water
exposure, and father’s education were all significant and positive indicators of a
rural childhood setting. These indicators demonstrate that individuals who grew
up in a more rural setting had increased exposure to livestock and well water
usage and had fathers, as opposed to mothers, with greater educational
attainment. The Rural construct did not significantly predict adult FA scores,
while controlling for all other latent constructs.
For the Sickness construct, allergy suffering, respiratory infection
frequency, total infection load, overall sickness frequency compared to peers,
and stressful events experienced were all significant and positive indicators of
childhood sickness. These indicators demonstrate that individuals who had sicker
childhoods got more infections, suffered more from allergies, and experienced
more stressful events. The Sickness construct did not significantly predict adult
FA scores, while controlling for all other latent constructs.
For the Diet construct, several variables were significant indicators of
childhood dietary quality. The DQI, frequency of homemade meals overall, and
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homemade breakfast frequency loaded positively and significantly on childhood
diet, indicating that individuals with higher quality childhood diets had higher DQI
scores and ate more homemade meals, especially breakfasts. Fast-food
frequency loaded negatively, but not significantly, on childhood diet. The Diet
construct was the only latent construct that significantly predicted adult FA
scores, while controlling for all other latent constructs (p = 0.039). Childhood diet
was negatively associated with adult FA scores, meaning that poorer diets
predict higher FA.
Model 2: Direct Effects with Age as Covariate
Because age is often significantly correlated with FA scores, including in
our sample (r = 0.186, p = 0.004), Model 2 included age as a covariate predicting
adult FA scores in addition to the direct paths included in Model 1 (Figure 3).
Model 2 converged, but did not exhibit good fit to the data; in fact, the model did
not reach sufficient fit on any standard index (𝝌2(226) = 279.10, p = .009;
RMSEA = 0.054; CFI = 0.780; TLI = 0.731). While age did not significantly predict
adult FA scores when all other latent constructs were controlled for in the model,
direct paths included in this model followed the same pattern as Model 1.
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Figure 3. Model 2 illustrating direct predictive paths between six latent constructs, age,
and facial FA scores in adulthood (see text for explanation and fit indices). Latent
constructs are represented by circles, and manifest variables as rectangles. Dashed
lines indicate non-significant paths. Unstandardized path coefficients are shown due to
lack of model fit. *p < 0.05.

DISCUSSION
This is the first study to evaluate the effects of multiple aspects of the
developmental environment on adult levels of facial FA in concert. Using a
structural equation modeling approach that utilizes multifactorial latent
constructs, we demonstrate a link between childhood dietary quality and adult FA
scores in a sample of living humans. These results show that childhood diet was
negatively associated with FA in adulthood while controlling for childhood and
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adult social status, a rural childhood home environment, and childhood sickness,
indicating that individuals with lower quality diets in childhood had higher FA
scores as adults. This finding is consistent with our original prediction about
childhood diet and suggests that dietary quality in childhood, and its associated
effects on energy availability, has a significant impact on the development of FA
in humans. By this logic, individuals with poorer quality diets during childhood
likely had less available energy to be allocated toward maintaining homeostasis,
and, thus, had reduced capacity to buffer against environmental perturbations,
resulting in a relatively higher degree of facial FA in adulthood (Møller and
Manning, 2003). These results are consistent with early studies of the
environmental drivers of FA in animal models which demonstrated that nutritional
and protein deprivation promote FA among rats and birds (Sciulli et al., 1979;
Swaddle and Witter, 1994). Further, this study provides support for the
hypothesized link between FA and undernutrition in humans tested by Little and
colleagues (2002). While their study did not find evidence for this link using
bilateral measures of body FA, our results suggest that facial FA may be more
useful for evaluating the dietary stressors associated with FA in living humans,
consistent with the findings of Hope and colleagues (2013). This negative
association between FA and childhood dietary quality was also observed in the
individual latent variable model, suggesting that this finding within the full model
is robust to sample size concerns (Appendix C, Supplementary Figure C.6).
No other latent constructs included in the models were significant
predictors of adult FA scores. The SES-A construct, representing overall social
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status in adulthood, was not significantly associated with FA. This result is
consistent with the work of Quinto-Sanchez and colleagues (2017) who reported
no association between current SES in adulthood and FA among a large sample
of Latin Americans. Given that FA is thought to represent a marker of stress
during development, as well as the findings of Hope and colleagues (2013), we
predicted that childhood SES, but not adult SES, would predict FA in our sample.
However, neither of our childhood social status constructs was significantly
associated with FA in our models, suggesting that higher childhood social status
is not associated with lower FA scores, in either earlier or more recent
generations. Similarly, the Rural and Sickness constructs were not positively
associated with FA, suggesting that individuals who grew up in a rural setting or
experienced more childhood sickness were not more likely to have higher FA
scores in adulthood as predicted. The lack of significant association between
childhood sickness and adult FA observed here is also consistent with the
findings of Pound and colleagues (2014). This pattern of results was also
observed among the individual latent variable models for each of the above latent
constructs, suggesting that these findings within the full model are robust to
sample size concerns (Appendix C, Supplementary Figures C.1 – C.5).
Model 1, which examined direct paths between the latent constructs and
FA, provided the best fit to the data. However, Model 2 does provide additional
insights into the nature of FA development in our sample. Despite previous work
illustrating positive relationships between age and FA, Model 2 indicated that age
does not represent a significant influence on adult FA scores when controlling for
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all other developmental factors and, therefore, does not need to be controlled for
in these models.
The present study has several limitations. First, our study sample was
small. With only 80 individuals, we likely lacked sufficient statistical power within
the full baseline model to demonstrate some of the results we predicted. The fact
that we found no significant associations between several latent constructs and
adult FA scores may be a direct result of this lack of power. However, the
individual latent variable models demonstrated the same pattern of results as the
full model, providing additional support for the observed associations with FA.
These additional models had much larger case-to-variable ratios than the full
model, with N ranging from 20 to 26 times the number of indicator variables
included in each model. While researchers often use the “Rule of 10,” which
suggests that the case-to-variable ratio should be at least 10:1, Wolf and
colleagues (2013) demonstrated that for relatively simple models, consisting of
one latent variable and four indicator variables, sufficient power could be met
with a sample size of only 30 individuals. The individual latent variable models
produced here (Appendix C) meet all of the above recommendations. Given the
consistency in results across several complementary models, we feel confident in
the observed negative association between childhood dietary quality and adult
FA scores. Moreover, we did not find evidence for associations between FA and
the other latent constructs across several models. However, these results may
not be generalizable across populations. The overall small sample size
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notwithstanding, our models did successfully reach convergence and sufficient
model fit despite a relatively small case-to-variable ratio in the full model.
Second, our sample characteristics may potentially bias some of our
findings. Similar to Pound and colleagues (2014), our sample may include a
disproportionate number of relatively affluent individuals, as evidenced by the
summary statistics for the current sociodemographic variables (Table 3); the
mean adult SES ladder rung for our sample was 6.8 out of 10, 40% of individuals
held an advanced degree, and 47% were in high status, professional careers.
Despite these adult sociodemographics, variation in family SES measures during
childhood was much broader. Because of the wide range of ages included in our
sample, we also found evidence of generational differences in sociocultural
environmental conditions. While the two childhood social status constructs
accounted for these generational differences, future research may benefit from
limiting the sample to specific generations or examining multiple generations
separately with sufficient sample size in each. Finally, the nature of this research
relies upon retrospective data reflecting multifactorial environmental conditions,
which is likely subject to the unreliability of memory over long time periods
(Ambrosini et al., 2003). While we made efforts to facilitate the memory of our
participants and ensure reliable data collection, there will always be error
inherent to data collected retrospectively. We included as many appropriate
measures of environmental conditions as possible; however, given the
multifactorial nature of the environment, it is entirely possible that our models
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exclude some unknown confounding variable that is impossible to measure and
control.
The present study demonstrates an empirical link between childhood
dietary quality and adult FA scores, while controlling for several other
components of the developmental environment. Using modern 3D geometric
morphometric techniques, this research represents a first step in examining the
environmental drivers of FA in living humans, for whom we can directly measure
more specific environmental conditions during development. Given previously
established links between FA and adult health outcomes in humans, this finding
also underscores the importance of dietary quality during development for
ensuring health and wellbeing later in life. As such, these results establish
fluctuating asymmetry in facial shape as a bilateral indicator of dietary conditions
during development and ultimate health outcomes in adults.
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CHAPTER 5: CONCLUSIONS
Summary of key findings
This dissertation combined biological and sociocultural data to explore
facial fluctuating asymmetry as a biological phenomenon in two directions: 1)
what aspects of human health does FA predict? and 2) what developmental
stressors promote FA in humans? The three chapters of this project were
designed to position FA as a bidirectional indicator of early-life stress
experiences and their later-life health consequences. Since much previous
research has focused on FA as a proxy for stress in the past, this dissertation
provides additional insight into which aspects of the environment or disease risk
FA signifies in the living to facilitate more informative examinations of FA among
past populations. Key findings for each chapter of this dissertation are
summarized below.
Chapter 2 explored the predictive relationships between facial FA scores
and a series of biomarkers of degenerative disease risk and health outcomes
among living humans. This work examined the utility of FA as a tool for
investigating the Developmental Origins of Health and Disease (DOHaD) in the
past. Given previous research that was limited to young adult individuals, this
work explored these relationships among both sexes and across a wide range of
ages. Using generalized linear models, we found evidence for a relationship
between FA and only one biomarker, systolic blood pressure (SBP), and this
relationship varied by age and sex. To further examine the FA*age*sex
interaction effect on SBP, we constructed model-based instantaneous effect
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models within men and women at ages 30, 48, and 66 years. We found that
higher FA predicted increased blood pressure in middle and older adult women
only, corresponding to an approximately 5- and 9-point increase in SBP,
respectively. Models that included sociodemographic data and other biomarkers
known to predict health outcomes demonstrated that the observed relationship
between FA and SBP could not be explained by sociocultural and overall health
variation in the sample. While the observed relationship between FA and SBP is
consistent with predictions from the DOHaD hypothesis, no other relationships
were observed between FA and a wide range of degenerative disease
biomarkers. These findings suggest that FA may not be particularly informative
for understanding broader disease risk in our sample, and may only provide
limited, sample-specific information about health and wellbeing.
Nevertheless, coupled with the findings of Milne and colleagues (2003),
results from Chapter 2 may indicate a potential threshold effect for studying the
relationship between FA and certain aspects of disease risk. Observed findings
were specific to middle and older adulthood. Given the overall pattern of disease
risk among age cohorts of our sample, these results are not surprising. Few
individuals in the younger end of the age spectrum of our sample had biomarker
levels predictive of disease, whereas high-risk biomarkers began to accumulate
among middle and older adults. Ravelli and colleagues (1999) suggest that
middle adulthood represents the life stage when the negative effects of
developmental stress become most evident and vary the most among
individuals. Our findings suggest that the relationship between developmental
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stress and subsequent disease risk, as measured by facial FA, may best be
explored among individuals who have reached middle adulthood and beyond.
Further examination of complex intergenerational variation in developmental
stress and disease risk is necessary for a more complete understanding of these
findings.
Chapter 3 served as a follow-up study to Chapter 2 by exploring the
relationship between FA and allostatic load, as two complementary, cumulative
measures of stress burden. Given the results of Chapter 2, we used a similar
GLM protocol to examine interactions between FA, age, and sex and calculated
two allostatic load indices, one reflecting all biomarkers and one reflecting only
those biomarkers linked to degenerative diseases of metabolic origin. While
allostatic load was found to vary between sexes and age cohorts in our sample,
we found no significant main or interaction effects of FA for either allostatic load
index. Results from Chapter 3 indicate that, in our sample, there is no
relationship between FA and allostatic load. Overall, this chapter represented the
first empirical test of the hypothesized conceptual link between allostatic load, a
measure of cumulative stress burden and frailty in the living, and facial FA, a
complementary indicator of stress experiences that can be measured in both the
living and the dead. While we did not find evidence for this link in our sample, our
results may not be generalizable across populations, especially given indications
from Chapter 2 that the relationship between FA and disease risk may be more
sample-specific than previously hypothesized.
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Chapter 4 modeled associations between a complex suite of
environmental factors during development and facial FA scores in adulthood.
Using a series of structural equation models, we tested for direct predictive paths
between adult FA scores and several latent constructs reflecting adult SES,
childhood SES, a rural vs. urban home environment, childhood sickness, and
childhood dietary quality. We found a negative association between childhood
diet and adult FA scores when all other latent constructs were controlled in the
model. We found no evidence for other direct paths between adult FA and the
other latent constructs or a significant impact of age. While small sample size
may have influenced our ability to detect additional predictive paths, individual
latent construct models that were not constrained by sample size demonstrated
the same pattern of results. This study was the first to demonstrate an empirical
link between childhood dietary quality and facial FA scores in adulthood, while
modeling the effects of multiple aspects of the developmental environment in
concert.

Strengths, Limitations, and Further Considerations
Several aspects of the present study were designed to redress limitations
in the existing FA literature and represent strengths of this dissertation. First, I
used a more modern technique of estimating composite facial FA scores from 3D
landmark data, which represents our best, known estimate of underlying DI.
Second, since previous studies on FA and health have been limited in sample
composition, I included a wide range of biomarkers, a large age range, and both
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sexes to allow for an exploration of age- and sex-specific relationships between
FA and many distinct markers of health. Furthermore, the link between FA and
health was explored on an individual and cumulative basis. Finally, this
dissertation relied upon a combined dataset that included 3D facial photographs,
anthropometrics, dried blood spots, current sociodemographic information, and a
retrospective, sociocultural questionnaire; studies that use such disparate forms
of data are relatively rare within biological anthropology, but are essential to
answer the questions proposed here.
Despite these strengths, this dissertation also has several limitations that
should be discussed. Despite taking steps to mitigate the issue, a lack of
statistical power due to relatively low variability in disease risk and the small
sample size in Chapter 4 may have affected our ability to detect existing
associations within each chapter. Additionally, while the retrospective
environmental data analyzed in Chapter 4 were designed to be as
comprehensive as possible, there will always be inherent error in data of this
nature, and it is possible that we did not capture all potential environmental
drivers of FA in adulthood. Finally, because our study sample represents a single
Hispanic population specific to New Mexico, results of this dissertation may not
be applicable to other populations and other contexts, but can be used as a
model for future studies.
There is one other limitation within the FA literature that is often
overlooked and yet to be fully discussed: sensitivity to measurement error. FA
analyses are especially sensitive to this type of error because variation in FA is
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often extremely subtle. To estimate the effects of measurement error, most FA
studies digitize at least a subset of individuals in the sample a subsequent time to
assess the amount of deviation between digitizing bouts. This estimate of
measurement error is performed using a Procrustes ANOVA, which estimates
the amount of variation in FA relative to that of measurement error and tests for
statistical significance. Many sources indicate that the degree of FA variation in a
sample must be sufficiently larger than variation attributed to error (Klingenberg
et al., 2002; Klingenberg, 2015). This difference is represented by the ratio of
mean squares terms for each component of variation in the Procrustes ANOVA
table (see Chapter 2, Table 1). However, there are no concrete guidelines for the
magnitude of this difference (Quinto-Sanchez et al., 2017). While Eriksen (2017,
personal communication) indicates that measurement error should account for
less than 50% of the variation in FA, other studies simply state that the error
should be negligible (Klingenberg, 2015).
Within biological anthropology, most research examines FA in skeletal
material, for which the digitizing process benefits from well-defined landmarks
that are relatively easy to locate along bony edges or at suture intersections. In
these studies, variation attributed to measurement error is often extremely small
and may only represent “a few percent” of the estimate for FA variation
(Weisensee, 2013; Klingenberg, 2015: 871). However, in this dissertation we
used 3D landmarks on living human faces. While the landmarks we used are
well-defined and digitized twice for all individuals in our sample, it is likely that the
digitizing process on a face will inherently involve greater error than that of

121
skeletal material. This sentiment is echoed by Quinto-Sanchez and colleagues
(2017) who examined facial FA in living humans from 2D photographs. While the
degree of measurement error found in each chapter of this dissertation is higher
than the typical error for skeletal studies, it is fairly similar to that of QuintoSanchez et al. (2017), which was deemed to be appropriate for human faces.
However, this lack of standard protocol to address measurement error concerns
in FA research represents an area for caution and further clarification within the
field.
Future work has the potential to expand upon our understanding of FA as
a biological indicator of stress and health. Beyond the obvious need for larger
samples with greater variability, I have identified three areas of future research
that would provide additional contributions to this area. First, our allostatic load
indices only included secondary outcomes of allostasis with no primary mediators
of the Hypothalamic-Pituitary-Adrenal axis, such as cortisol (Edes and Crews,
2017). An exploration of the primary mediators of the stress response system,
particularly cortisol measured from hair that reflects relatively longer term stress
experiences, would provide further clarification of the link between FA and
cumulative stress, as well as create a more complete allostatic load index.
Second, an investigation of the relationships between FA and several,
commonly-used skeletal indicators of stress, perhaps using the SFI created by
Marklein and colleagues (2016; 2017), would produce a test of the utility of FA as
an indicator of hidden heterogeneity in frailty. Such a study would benefit from a
skeletal sample with known causes of death, such as the Lisbon sample used by
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Weisensee (2013). Finally, the newly funded, CT database at the University of
New Mexico Office of the Medical Investigator presents a novel means of
investigating varying sources of FA across the human body. Using high quality
CT scans, FA could be calculated from the limbs, skull, teeth, and face, and
these calculations could be compared within individuals to evaluate whether
different sources of FA reflect different environmental constraints or time periods
of development. By assessing the degree of correspondence between intraindividual FA estimates from different anatomical structures, the utility of FA as a
tool for understanding stress and health in the living and the application of such
understanding to past populations will become more definitive. The findings of
such research would also help shape future work in this area by providing
guidelines for data collection given the research question of interest.

Conclusions
In conclusion, we found limited evidence that facial fluctuating asymmetry
can serve as a bidirectional indicator of specific developmental stress
experiences and specific disease risks in a sample of living humans. Since FA
can be measured in both the living and the dead, these findings within a living
human sample provide insight into the utility of FA as an indicator of stress and
disease risk in past populations. Facial FA scores were a significant predictor of
systolic blood pressure, but this relationship was limited to middle and older adult
women in the sample. These findings demonstrated the importance of middle
and older adulthood for studying the negative health effects of developmental
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stress. Furthermore, facial FA scores in adulthood were significantly predicted by
childhood dietary quality. However, while this chapter demonstrated that variation
in FA within our sample does carry a developmental signal of dietary quality, this
variation does not necessarily translate to broader, diet-mediated disease risks in
adulthood, such as obesity and type II diabetes. While methodological
constraints of our sample may contribute to these findings, the role of adult
lifestyle characteristics in mitigating adult disease risks cannot be ignored. While
developmental stress can represent a strong predictor of adult health outcomes,
the impacts of lifestyle choices during adulthood are still relevant and may not be
reflected by our FA scores.
Given the total of these findings, this dissertation highlights the link
between energy availability during development, governed significantly by diet,
and certain aspects of health and wellbeing later in life, as well as the limited role
of FA as a signal of this pattern. While the FA literature has given much attention
to the extrinsic (stress) vs. intrinsic (DI) contributors to asymmetrical variation,
this dissertation also positions FA within two parallel theoretical frameworks,
DOHaD and allostasis, which do not require FA to be a sole marker of underlying
DI. Regardless of whether FA provides information about the amount of stress
experienced vs. buffering capabilities, within these frameworks, it still represents
a somewhat informative indicator of chronic stress experiences during
development and their subsequent health consequences. While the results of this
dissertation do not necessarily clarify which of these theoretical frameworks may
be best suited for interpreting facial FA as a marker of stress and health, this
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research provides a theoretical framework that can be modeled in future studies
that measure FA from other anatomical sources, such as the dentition, which
specifically reflect developmental stress experiences unique to narrowly-defined
developmental windows.
This work also provides a novel framework for understanding the
interaction between stress and health throughout human history. By learning as
much as possible about the health correlates and environmental drivers of FA
among the living, researchers within paleodemography and bioarchaeology will
have an additional tool for exploring stress and health in the past. Stress, and its
health consequences, are integral areas of study for any bioarchaeological
assemblage, reflecting the ability of past populations to adapt to varying
environments throughout human history. However, because of hidden
heterogeneity in individual susceptibility to disease and death, the examination of
stress and health in the past is often complicated (Wood et al., 1992; DeWitte
and Stojanowski, 2015). Additional research is needed to explore whether FA
may represent a candidate for illuminating such hidden heterogeneity, thus
providing greater clarity in our understanding of human disease patterns in the
past. The exploration of human disease interactions over time and across
environments is also essential for understanding patterns of stress and disease
among contemporary humans, especially in light of the growing literature on
health disparities among human populations.
Facial FA, in particular, represents a fascinating, highly visible
representation of human morphological variation and, in turn, the environments in
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which we grew up. While facial FA may not be an effective tool for understanding
human mate choice, as a signal of underlying health or genetic variation, we still
notice normal variation in facial asymmetry on a daily basis. When discussing my
research with my peers or the public, I find that people immediately connect with
the concept of facial asymmetry because it is so familiar to them. Typically, they
have only heard previously that symmetry predicts ratings of attractiveness, so
they are often surprised to learn about other facets of facial FA, especially its
associations with disease. This usually prompts people to think about their own
facial asymmetry in terms of their own experiences with stress and health.
Through these interactions, I have gained an intriguing perspective into the
unique human experiences that become encoded in the human face.
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APPENDIX A
SUPPLEMENTARY TABLES FOR CHAPTER 2
Supplementary Table A.1. Spearman’s correlation matrix between all
continuous and ordinal variables.
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Supplementary Table A.2. Best fit GLM results for SBP, including main and
interaction effects for FA, age, and sex, with main effects added for each
biomarker representing an independent risk factor for hypertension.
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Supplementary Table A.3. Best fit GLM results for SBP, including main and
interaction effects for FA, age, and sex, with main effects added for each
sociocultural variable.
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APPENDIX B
SUPPLEMENTARY FIGURES FOR CHAPTER 3
Supplementary Figure B.1. Histogram of metabolic allostatic load.

Figure B.1. Histogram of the distribution of ALI-M.
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APPENDIX C
SUPPLEMENTARY TABLES AND FIGURES FOR CHAPTER 4
Supplementary Table C.1. Correlation matrix between each manifest
variable, organized by latent variable, included in Model 1.
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Supplementary Table C.2. Correlation matrix between each latent variable
included in Model 1.
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Supplementary Figure C.3. Individual SEM model for Childhood Social
Status 1.

Figure C.3. SES-C1 Fit Indices: 𝝌2(5) = 1.861, p = 0.868; RMSEA = 0.000; CFI =
1.000; TLI = 1.039. Latent constructs are represented by circles, and manifest
variables as rectangles. Dashed lines indicate non-significant paths.
Standardized path coefficients are shown.
Supplementary Figure C.4. Individual SEM model for Childhood Social
Status 2.

Figure C.4. SES-C2 Fit Indices: 𝝌2(5) = 6.943, p = 0.225; RMSEA = 0.070; CFI =
0.970; TLI = 0.940. Latent constructs are represented by circles, and manifest
variables as rectangles. Dashed lines indicate non-significant paths.
Standardized path coefficients are shown.
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Supplementary Figure C.5. Individual SEM model for Rural.

Figure C.5. Rural Fit Indices: 𝝌2(2) = 0.195, p = 0.907; RMSEA = 0.000; CFI =
1.000; TLI = 1.300. Latent constructs are represented by circles, and manifest
variables as rectangles. Dashed lines indicate non-significant paths.
Standardized path coefficients are shown.
Supplementary Figure C.6. Individual SEM model for Sickness.

Figure C.6. Sickness Fit Indices: 𝝌2(2) = 1.984, p = 0.371; RMSEA = 0.000; CFI
= 1.000; TLI = 1.001. Latent constructs are represented by circles, and manifest
variables as rectangles. Dashed lines indicate non-significant paths.
Standardized path coefficients are shown.

135
Supplementary Figure C.7. Individual SEM Model for Diet.

Figure C.7. Diet Fit Indices: 𝝌2(2) = 1.948, p = 0.378; RMSEA = 0.000; CFI =
1.000; TLI = 1.016. Latent constructs are represented by circles, and manifest
variables as rectangles. Dashed lines indicate non-significant paths.
Standardized path coefficients are shown. *p < 0.05.
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APPENDIX D
RETROSPECTIVE QUESTIONNAIRE FOR CHAPTER 4
The following questions ask about your family, environment, diet, health, and
activity level from when you were born until you turned 18 years old.
If answers to the questions changed over the time you were growing up,
please choose the answer that best represents the majority of that time.
If you are NOT sure of a response, please provide your best estimate.
1. How would you describe the type of environment you grew up in most of
the time?
a.
b.
c.
d.

___ Rural
___ Urban
___ Suburban
___ Other (describe):
_________________________________________________

2. How many brothers and sisters do you have (both living and deceased)?
_________
3. In what order were you born compared to your brothers and sisters?
a.
b.
c.
d.
e.
f.

___ First
___ Second
___ Third
___ Fourth
___ Last
___ Other (describe): __________________

4. How many cars did your family own most of the time? ______ cars
(provide your best estimate)
5. At anytime prior to age 18, did your family own:
a. YES

NO

Farm equipment

b. YES

NO

Boat

c. YES

NO

RV

d. YES

NO

Motorcycle

e. YES

NO

TV

f. YES

NO

VCR/DVD/Blu-ray player

g. YES

NO

Dishwasher

(circle YES or NO for all items)
How many TVs?

.
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h. YES

NO

Microwave

6. Did your family usually get household luxury items:
a. ___ Before others in your community
b. ___ Same time as others in your community
c. ___ After others in your community

Remember that this section of questions represents birth until you turned 18
years old.
7. How often did both your parents change the type of work they did for a
living while you were growing up?
a.
b.
c.
d.
e.
f.
g.

___ Never
___ Once
___ Twice
___ 3 times
___ 4 times
___ 5 times
___ More than 5 times

8. What type(s) of pets did your family usually have while you were growing
up, and how many?
Provide an approximate number of animals in each category. If you did
NOT have any of a particular type of animal, please indicate zero.
a. _____ Dogs
b. _____ Cats
c. _____ Birds
d. _____ Small pets (hamster, guinea pigs)
e. _____ Other (describe):
__________________________________________________
9. How often did you interact with livestock/farm animals?
(for example, cows, pigs, horses, chickens, ducks)
0
Never

1

2

3

4
5
6
Moderate amount

7

8

9
10
A great amount
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10. How often did your drinking water come from a well?
0
Never

1

2

3

4
5
6
Moderate amount

7

8

9

10
Always

11. Did your family have any type of financial assistance at any time?
a.
b.
c.
d.
e.

YES NO Food stamps
YES NO Medicaid
YES NO Welfare payments
YES NO Unemployment benefits
YES NO Other (describe):
______________________________________

12. Up until you turned 18 years old, how much did allergies (food or
environmental) usually affect you?
0
Never

1

2

3

4
5
6
Moderate amount

7

8

9
10
Very frequently

Remember that this section of questions represents birth until you turned 18
years old.
13. Since you turned 18 years old, how much have allergies (food or
environmental) usually affected you?
0
Never

1

2

3

4
5
6
Moderate amount

7

8

9
10
Very frequently

14. How much did anyone smoke in your home and/or around you when you
were growing up?
0
Never

1

2

3

4
5
6
Moderate amount

7

8

9
10
Very frequently

Now we are going to ask questions specific to early childhood (birth to 5 years
of age).
15. How old was your mother when you were born? _________
16. What was your birth weight? _______ lbs. ________ oz.
your best estimate)

(please give
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16b. Did you KNOW your birth weight or did you estimate it?
KNOW

ESTIMATE

17. Which of the following circumstances applied to your birth or when your
mother was pregnant with you?
a. ___ Born by C-section

(Check all that apply) (If not sure, please

give your best estimate)

b. ___ Born breach
c. ___ Born premature: _______ weeks before due date
d. ___ Born late: _______weeks after due date
e. ___ Born low birth weight (less than 5 lbs. 8 oz.)
f. ___ Born very low birth weight (less than 3 lbs. 5 oz.)
g. ___ You received specialized care in a neo-natal intensive care unit
h. ___ You were hospitalized longer than typical after birth:
approximately ______ days
i. ___ Your mother was bedridden due to complications during
pregnancy
j. ___ Your mother experienced maternal diabetes during pregnancy
k. ___ Your mother experienced high blood pressure during pregnancy
l. ___ Your mother experienced morning sickness during pregnancy
m. ___ Your mother received routine medical care during pregnancy
n. ___ Your mother smoked cigarettes during pregnancy
o. ___ Your mother drank alcohol during pregnancy
p. ___ Your mother took pre-natal vitamins during pregnancy
q. ___ Your mother ate a healthy, adequate diet during pregnancy
r. Other (describe):
___________________________________________________
18. To your knowledge, as a baby, you were:
a. ___ Breast-fed
b. ___ Bottle-fed breast milk
c. ___ Bottle-fed formula

(Please give your best estimate)
(check all that apply)
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18b. Did you KNOW this answer or estimate it?
KNOW

ESTIMATE

Now we are going to ask questions about your life while you were in
elementary school (ages 6 -12).
19. What was your mother’s occupation while you were in elementary school?
___________________________________________________________
20. What was your father’s occupation while you were in elementary school?
___________________________________________________________
21. What kinds of infections did you have during elementary school?
Indicate approximately how often you usually had each infection in
a given year by checking the appropriate box.
Infection Type
Fever/flu
Respiratory
(common
cold/sinus
infection)
Stomach/Intestinal
Ear
Throat (tonsillitis)
Eye (pink eye)
Other (describe):

Never

Rarely

Sometimes

Often

Very
Often
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22. During elementary school, how often were you sick compared to other
children in your home?
0
1
Much less often

2

3

4
5
6
About the same

7

8

9
10
Much more often

(Skip if no other children in your home)
Remember that this section of questions represents elementary school age (6 –
12 years old).
23. How often did you play outside from ages 6 to 12?
a.
b.
c.
d.
e.
f.
g.
h.
i.

___ Never
___ Rarely
___ 1 day per week
___ 2 days per week
___ 3 days per week
___ 4 days per week
___ 5 days per week
___ 6 days per week
___ 7 days per week

24. From ages 6 to 12, how many days per week did you usually:
a. Walk to school _____ days out of 5
zero)

(If none, please indicate

b. Bike to school _____ days out of 5
25. If you usually walked or biked to school,
how long did it usually take you to get from home to school?
______ minutes

(Please provide your best estimate)

26. How physically active were you from ages 6 to 12 most of the time?
0
1
Very inactive

2

3

4
5
6
Moderately active

7

8

9
10
Extremely active
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Remember that this section of questions represents elementary school age (6 –
12 years old).
27. Think of the ladder shown below as representing where people stand in
New Mexico.
People who are at the top of the ladder are the best off –
that is, people who have the most money, the most education, and
the best jobs. People who are at the bottom of the ladder are the worst
off –
that is, people who have the least money, least education, and the
worst jobs or
no job.
The higher up you are on this ladder, the closer you are to the people at
the very top;
and the lower you are on the ladder, the closer you are to the people at
the very bottom.
Where would you place your family on this ladder while you were in
elementary school
(ages 6 to 12)?
“Please place a large “X” on the ladder rung
where you think your family stood while you were growing up,
compared to other people living in New Mexico
at the time you were in elementary school.”

_________ out of 10 rungs
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Now think back to the types of meals you typically ate when you were 6 to 12
years old.
28. How many home-made breakfasts per week did you usually eat?
_____ out of 7 meals
29. How many home-made lunches per week did you usually eat?
_____ out of 7 meals
30. How many home-made dinners or suppers per week did you usually eat?
_____ out of 7 meals
Remember that this section of questions represents elementary school age (6 –
12 years old).
31. How often did you usually eat any meal at a fast-food restaurant
(for example, Blake’s Lotaburger, McDonalds, Wendy’s, Taco
Bell)?
a.
b.
c.
d.
e.
f.
g.
h.

___ More than once per day
___ Once per day
___ 5 or 6 times per week
___ 3 or 4 times per week
___ 1 or 2 times per week
___ 2 or 3 times per month
___ Once per month
___ Never or almost never

32. During elementary school, were you on any special diets (e.g. vegetarian,
vegan, dairy free, low salt, kosher, etc.)?
Please describe:
_______________________________________________
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Remember that this section of questions represents elementary school age (6 – 12
years old).
1. From ages 6 to 12, in a given day, approximately how many servings did you
usually eat of the following types of foods?
Please check the box corresponding to your best estimate.
Check the “rarely/special occasions” box only if you ate these foods less than
once per day.
Think of a serving as a normal helping of each food.
Number of Servings Per Day – Ages 6 to 12

Dairy

Milk, Cheese
(any), Yogurt,
Sour cream

Proteins

Fish, Poultry,
Pork, Ham, Red
meat, Lunch
meats, Bacon,
Eggs, Beans,
Nuts

Fats

Butter, Margarine,
Avocado, Olives,
Oils

Fruits

Berries, Bananas,
Citrus, Apples,
Fruit juices, etc.

Veg

Carrots, Corn,
Greens, Squash,
etc.

Grains/
Starches

Foods

Potatoes, Rice,
Pasta, Bread,
Tortillas (corn,
flour), Cold/hot
cereals, etc.

No
Servings

Rarely/
Special
Occasions

1–2
Servings

3–4
Servings

5–6
Servings

7 or more
Servings

145
Remember that this section of questions represents elementary school age (6 – 12
years old).
1. The table shown below lists a series of events that may have occurred while you
were in elementary school (6 – 12 years old).
For each event in the left column, circle YES if that event occurred while
you were in elementary school. Circle NO if it did NOT happen during this
period.
Circle GOOD or BAD to indicate how this event affected you.
Circle 0, 1, 2, or 3 to indicate how much this event affected you:
0 = no effect, 1 = some effect, 2 = moderate effect, 3 = great effect.

Good or Bad
Effect?

Event
A. Health

How Much Did This Event
Affect Your Life?
No
effect

Some
effect

Moderate
effect

Great
effect

Major personal illness or
injury

YES

NO

Good

Bad

0

1

2

3

Major change in eating habits

YES

NO

Good

Bad

0

1

2

3

Major change in overall health

YES

NO

Good

Bad

0

1

2

3

YES

NO

Good

Bad

0

1

2

3

YES

NO

Good

Bad

0

1

2

3

Loss of job

YES

NO

Good

Bad

0

1

2

3

Change of job

YES

NO

Good

Bad

0

1

2

3

Major change in finances

YES

NO

Good

Bad

0

1

2

3

Major change in life
conditions

YES

NO

Good

Bad

0

1

2

3

Parents’ separation

YES

NO

Good

Bad

0

1

2

3

Parents’ divorce

YES

NO

Good

Bad

0

1

2

3

Gain new family member
(step-parent, birth, etc.)

YES

NO

Good

Bad

0

1

2

3

Major change in food
availability
Major change in type and/or
amount of recreation

B. Parent’s Work

C. Home Life

